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BBEJAEHUE

HNonnbie mommMepsl, K KOTOPHIM OTHOCSTCS JIMHEHHBIE W Pa3BETBICHHBIE
MOJIMAJIEKTPOJIUTEl  MPUBIEKAIOT 0C000€ BHUMAHHE COBPEMEHHOW HAayKd O
MOJIUMEPAaX B CBS3M C HUX YHHUKaJbHBIMH (PU3UKO-XUMUYECKUMH CBOHCTBAMH.
Bricokasi 9yBCTBUTEILHOCTh HOHHBIX MMOJIUMEPOB K M3MeHEeHHWI0 pH ¥ MOHHOW CHIIBI
Cpelibl OTKPBIBAET HOBBIE IEPCIEKTHBbI MX IPUMEHEHHsS B KauyeCTBE MaTepHalIOB
OMOCEHCOpPOB, HOCUTEJEH JIEKapCTBEHHbIX (opM, Mojelied  OMOJIIOrMYeCcKUX
MOJIUMEPOB W Tp. Bce MOMMANEeKTPOIUTHI MOXKHO pa3leldTh Ha JIBa Kiacca:
CUJIbHBIE U ciialdbie (unu pH-4yBCTBUTENBHEIE).

B nonsipHBIX pacTBOPUTENAX, TAKUX, HAIPUMEDP, KaK BOAA, HOHOTEHHBIE T'PYIIIbI
000MX THMOB IMOJUAIEKTPOIMTOR IUCCONMMPYIOT Ha 1Ba (wym Oojee) 3apsia,
OJIMH W3 KOTOPBIX OCTAeTCS CBSI3aH C TOJWMEPHOH IIeNbl0, a JAPYrod CTaHOBUTCS
CBOOOIHBIM KOHTPHOHOM. DHEPIrusi CBSI3M KOHTPUOHOB C MOHOTCHHBIMH I'PYIIIIAMHU y
CUJIbHBIX MOJIMIJIEKTPOJIUTOB MaJjia, YTO JISJAeT X HEYYBCTBUTEIbHBIMU K U3MEHEHUIO
pH cpenpl. HampotuB, y ciaObIX MONMUAIEKTPOIUTOB JSHEPIrUS JAWCCOIHAIIN
MOHOTEHHBIX TPyl COM3MEpPUMa C DHEPrueil IUCCOLMAIMHU BOIBI, B pPE3yJbTare
Yero MX CTENeHb HMOHM3AIMU CYIIECTBEHHBIM 00pa3oM 3aBucUT oT pH cpensbl.
TUNMUYHBIMEA TIPEICTABUTEISIMA CHIIBHBIX TTOJMAJIEKTPOIIMTOB SBJISIOTCS TTOJMCTHPOI
cynb(hoHaT, MOJIMBUHUICYIb(GOHOBAs KucioTa. [loauakpuiaoBasi v MoJIUMETaKpHIIOBast
KHCJIOTBI, IIEPBUYHbBIC, BTOPUYHBIC U TPETHUYHbBIC IMOJIMAMUHBI — THIIMYHbBIC ClIa0ble
HOJIUDJIEKTPOJIUTHI.

DNEKTPOCTaTUYECKUE B3aMMOIEHUCTBHUS MEXKAY 3apsaaMu  00yCIaBIHBAIOT
MHOXXECTBO HHTEPECHBIX CBOMCTB pPACTBOPOB IIOJUIICKTPOIUTOB, Ka4ECTBEHHO
OTJIMYAKOIIUX UX OT PACTBOPOB HEUTpaJbHBIX MOJUMEPOB [1-3].

OO0yacTh MHTEPECHBIX CBOWCTB W BO3MOXKHBIX TPWIOKCHUH 3HAYUTEIHHO
pactmupsieTcs, KOrja HECKOJIbKO TMOJUIICKTPOJIUTHBIX IeNed NMPUIITUTBI K OJXHOMY
ob1ieMy LIeHTpyY, 00pa3ys T. H. OJIMIJIEKTPOJIIUTHYIO 3Be3y. OOBIYHO TAKMM LEHTPOM

ABIIACTCA Mallad KOJIJIOMOHAA 4YaCTulla HWIn MHOI‘O(IJYHKI_II/IOHaJIBHaH MOJICKYIJIA. I[J'IH



TOTO, YTOOBI HA3BIBATHCS 3BE3/I0M, MPHUIIUTHIC MONHAIEKTPOIUTHBIC LEMH, KOTOPHIE
HA3BIBAIOTCS JIydaMW WJIM BETBSIMU 3BE3/bl, JOJDKHBI OBITh 3HAYMTENHHO JIMHHEE,
yeM pa3Mep IEeHTPAIbHOW dYacThIbl. TakuM o0pa3oM, MOXHO paccMarpuBaTh
MOJINMEPHYIO 3BE3/ly KaK CHJIbHO HCKPHUBICHHYIO TMOJMMEPHYIO IIETKY, TOJIIMHA
KOTOPOM 3HAYMTEJIBLHO MPEBBIIAET PAJAMYC KPUBU3HBI IOBEPXHOCTH NPUILUBKH [4].

Yacto B KayecTBe IMOJIMDJIEKTPOJIMTHOW 3BE3/bl PACCMATPUBAIOTCA TaKKe
MaKpOMOJICKYJISIPHBIE ~arperarbl. TakOBBIMH  SBJISIIOTCS, HAlpUMeEp, MHUIICIUIBI,
chopmupoBaHHbie aM(DUPUIBLHBIMU THUOIOK-COMTOIMMEPAMH, KOTOPHIE UMEIOT Majoe
KOMITAaKTHOE TUApPOPOOHOE SAPO M OOJNIBIIYI0O OKPYXKAIOIIYI0 €ro THAPOGUIBHYIO
KopoHy. B ciywae, ecnu sapo MULIENIIbI KUHETHYECKH 3aMOPOXKEHO (HAXOIWUTCS
B 3aCTEKJIOBAHHOM COCTOSIHMM, KakK, Hampumep, sapo, chHOpMUPOBAHHOE
NOJIMCTUPOJIBHBIMU  cyOuensimu B Boje [5—-10]), komuuecTBO Jiyueld B KOPOHE
OCTaeTCsl MOCTOSIHHBIM M HE 3aBUCUT OT BHELIHUX YCJIOBUH.

B namHo#t pabore peur moimer o0 aMbuUIBHOW TOIUINEKTPOIUTHOMN
3Be3ne. AMuduIbHBIE MaKpOMOJEKYJbI, BOOOIIE, 00JagaloT CHOCOOHOCTBHIO K
CaMOOpraHM3aIlMy U YaCcTO PacCMaTPHUBAIOTCS KaK «yYMHbBIE» HaHOOOBEKTHI, KOTOPHIC
Ha MaJible BHENTHWE BO3JICHUCTBUS OTBEYAIOT CHIILHBIM U3MEHEHUEM UX KOH(POPMAIIHiA,
Hanpumep, popmupoBanueM mukpodas [11]. UaTepec k Takum cucremam 00yCIIOBIIEH
NEPCIEKTUBOW WX HCIIOJb30BaHMS B MEJIWIIMHE B Ka4eCTBE TPAHCIOPTHBIX areHTOB,
JUIsE MOAM(UKALIMK TTOBEPXHOCTH HMMILIAHTOB WM/WJIM HAHOPA3MEPHbIX KOHTPACTHBIX
areHToB (cMm., Hampumep [12, 13]).

B mocnennee necsTuieTre pa3BETBICHHBIC MOJIMMEPHBIC CHUCTEMBI IPUBIIEKAIOT
K cebe oco0oe BHUMaHME B CBSI3M C BO3MOXKHOCTBIO MX HCIOJb30BaHUS B
Ka4eCTBE HAHOKOHTEHMHEPOB [Jisi HAMpPaBIECHHOTO TPAHCIOPTAa OWOJOTUYECKUX H
JIEKApPCTBEHHBIX BEIIECTB B OPraHU3ME.

SIcHO, 4TO HAHOKOHTEWHED JOJDKEH 00J1a/1aTh CIAEAYIOUMMHU (PYHKIIMOHAIBHBIMU

CBOWCTBAMU:



1. AOJDKCH CBA3BIBATH TPAHCIIOPTHPYCMOC BCUHICCTBO U IICPEMCIIATL €TI0 B BOAHBIX

cpenax;
2. 0CBOOOXATh €r0 MPHU ONPENEICHHBIX yCIOBUSIX;
3. OBITh YCTOWYUBELIM K KOATYJSIIUU;
4. ancopOUpOBaATHCS KIETOYHOM MOBEPXHOCTHIO LIEIIH.

[IpenmyIiecTBO pa3BEeTBICHHBIX MMOJIMMEPHBIX CHCTEM COCTOMT B TOM YTO OHHU
coyeTaroT B cebe KauecTBa OJHOBPEMEHHO W JIMHEHHBIX MOJUMEPOB, M KOJUIOMIHBIX
HaHo4acTull. I[IOTHOCTH TAKOro poja HAHOKOHTEHHEPOB MOXKET ObITh OJIHOBPEMEHHO
JOCTaTOYHO Majia, YTO TO3BOJSIET CBSA3BIBATH OOJIBIIOE KOJMYECTBO MOJEKYI
JeKapcTaBa, U JIOCTATOYHO BBICOKA, YTOOBI 0OECIEUUTh HAIUYHE MOTEHIIMAIBLHOTO
Oapbepa, paboTaromero NPOTUB KOATyJSIUA KOMILIEKCOB.

C TeopeTWyeckoil TOYKH 3pEHHsS HamOoJiee TPOCTHIMHU Il HUCCIEIOBAHUS
SIBJIIFOTCSI PETYJSIPHO PA3BETBICHHBIE MAaKpOMOJEKYnbl. [Ipocrenmen n3 peryisipHo
Pa3BETBIEHHBIX MAaKPOMOJIEKYJI SIBJISIETCSI IMOJIMMEpHAsi 3Be3/la M3 (PUKCUPOBAHHOTO
4KCJia OAMHAKOBBIX 110 XMMHYECKOMY COCTAaBY MU KOHTYPHOU JUIMHE JIy4eil.

Hanuuue y monmanekrponuta TUAPOGOOHBIX (parMeHTOB MOXKET MPHUBOIUTH K
dbopmupoBaHnio TUAPOPOOHBIX MHUKpPOGa3, COCYIIECTBYIOIIUX € THAPOGUILHBIMU
noMeHaMmu. Tak, Hampumep, €Ciu MOJIUMEpPHAas 3BE€3[a COACPKUT OAHOBPEMEHHO
MOJIMAJIEKTPOJIUTHBIE W TUAPOPOOHBIE Jyud, TO B BOjue OHa OynaeT (HopmMupoBarb
YHUMOJIEKYIISIDHYIO  cepuuecKyr0 Muleity (KBa3uMHIEIy), SAPO  KOTOpOH
copmupoBaHo u3 TUAPOPOOHBIX Jydyei, a KOpOHA — U3 MOJUDIEKTPOIUTHBIX
[14-16]. Tuapodobuas ¢daza sapa MOXKET, OUCBHUAHO, CIYKUTH JUIS CBSI3BIBAHUS
U HaKkoOIUIeHWs B Hed ruapodoOHBIX JekapcTB. B moboM ciyuae Hamudme
rUApOPUIBHON KOPOHBI O00ECIEUMBAET arperaTMBHYI0 YCTOMYMBOCTH KBAa3MMMIIEILI.
AHaJOrM4YHO, 3B€3/1bl U3 JUOJOKCOIOIMMEPHBIX JIy4eil, COAepKalluX BHYTPEHHUI
ruApodOOHBII ¥ BHEUIHUW MOJIMAIEKTPOJIUTHBIA (pAarMEHThl, B BOJHO-COJIEBOM

pactBope dopmupyroT kBazumuiemibl [13,17-19]. B stom cinydae yxe BO3MOXKHO



yhnpaBlieHue KoH(popmanuei 3Be3Ibl, a, CIEAO0BaTENbHO, M CBS3bIBAHUEM W
OCBOOOK/IEHUEM JIeKapcTBa. TakK, YMEHbIIEHHME WOHHOW CHJIBI PAacTBOpPA MPUBOAUT
K YMEHBIIIEHUIO JKPAHWPOBAHUS DJIEKTPOCTATUYECKUX B3aWMOJACHCTBUN B KOPOHE,
YTO BeIeT K YCWICHHUIO BBITSITHUBAHUSA IOJUAJIEKTPOIUTHBIX (PAarMEHTOB U
Pa3BOpPAYMBAHUIO Si/Ipa KBA3UMULEIIbI.

B osrux aByx mnpumepax ruapodoOHble U ruApoPuiibHbIE 3BEHbSI COOpaHbI
B pasznuyHble Onoku. B TO ke BpeMs BO3MOXHBI CJIy4yaW, KOTZa OTAENbHBIC
MOHOMEPHBIE 3BEHbS Jy4el IOIUAIEKTPOIUTA COAEPKAT KaK HMOHOTCHHBIE, TaK H
ruaApodoOHbIe IPYIIbI, U TUAPOGUIBHO-THAPODOOHBIN OamaHC 3aBUCUT OT BHEITHUX
ycanosun. Hanpumep, B ciydyae pH-4yBCTBUTENIBHBIX TMOJIMAIEKTPOIUTOB, 3aps
KoTopbIx 3aBucuT OoT pH cpenbl. Takne pH-uyBCTBHUTENBHBIE TNOJMDIEKTPOIMUTHI B
AHTJIOS3BIYHOM JINTEPATYPE HA3BIBAIOT TAKXKE OTOXOKEHHbIMU («annealedy»), B oTimune
oT 3aKajieHHbIX («quenched») MoOIMANEKTPONUTOB ¢ MOCTOSIHHBIM 3apsijioM. OIHUM U3
MPOCTEUIINX MOTUAIEKTPOIUTOB TAKOTO POJIA SIBISETCS MOJIMMETAKPUIOBAsS KUCIOTa
(IIMAK) (Pucynok 1). Kak Obuto moka3zaHo B paboTax, BBINOJTHEHBIX Oonee 60
ner Hazan (cMm., Hampumep, [20]) muduiabHOCTH MOHOMEpPHBIX 3BeHbeB [IMAK
MPOSBIISIETCS. B OOPAa30BaHUM €0 KOMIIAKTHBIX CTPYKTYpP, PE3KO pa3pylIarolIuXcs
npu creneHn woHmzanuu « =~ 0.1. [logoOHOro mMOBEAEHUS MOXKHO OXHAATh M
JUIsL APYTUX TOJUIIEKTPOIUTOB C AOMOIHUTENbHBIMU THAPOGOOHBIMU TPyHIIaMU B
KaXKJI0l MOHOMEPHOM €JIIMHULIE.

Kondopmarnmornasie  CBOWCTBA  TOMONOJMMEPHBIX  3Be37 W3  Ciaboro
HOJINAJIEKTPOJINTA, B OTIMYUE OT YINOMSHYTBIX TIE€TEPOJIyYEBBIX 3BE3[ U 3BE3]
U3 JUOJIOKCOMOIMMEPHBIX JIy4deil, 3aBUCAT OT MOHHOM CHibl 00Jiee CIIOXKHBIM
obpazom. Kpome TOro, oueBMAHO, UYTO KOH(POPMAIIMA TaKWUX 3BE3] JIOJKHBI
3aBucetb 1 OT pH cpeapl. B cBs3M C 3TUM aKTyaJbHOCTH JIaHHOW pabOThI
onpeensieTcs HeoOX0MMOCTbIO MOJIYUYEHUsI YIVIyOJI€HHbIX HAYUYHbIX MPECTaBICHUM
0  KOH(pOPMAIMOHHBIX  CBOMCTBAaX  3Be3M000pa3HbIX  pH-4yBCTBUTENBHBIX

TOMOIIOJHUIJICKTPOJIHUTOB U HUX B33HMOI[CI>1CTBPI$IX B BOJHO-COJICBBIX pPaCTBOpax.
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Pucynok 1 — Xumuueckasi cTpykTypa NoOJIMMETaKpUIIOBOM KUCIIOTHI (a) U

noyMBUHWINUpUAHA (O).

Henbo maHHOW pabGOTHI SABISETCS aHAIW3 BO3MOXKHBIX  KOH(MOpMAaIUH,
obOpaszyeMbix pH-uyBCTBHTENBHONW TOMOIIOIMMEPHOM 3BE370M B BOIHO-COJIEBOM
pacTBOpe, YCTAHOBJIEHHWE 3aKOHOMEPHOCTEH o0pa3oBaHus JITUX KoHDopmaruii u
IpUpPOAbl KOHPOPMALMOHHBIX IEPEXO/IOB, a TAKXKE B3aUMOJICUCTBUS TaKUX 3BE3]
JIPYT C IPYTrOM U C HEMPOHUIIAeMOU ruapodhOOHON CTEHKOM.

Jlnst foCTUXKEHUs TOCTaBIEHHOW 117 ObLJIM PEIIeHBI CIASAYIOMNE 3a1a4u:

L] MOI[CJ'II/IpOBaHI/Ie 3B€34 U3 pH-‘-IYBCTBI/ITeJH)HBIX IMOJIHUIIICKTPOJIHUTHBIX queﬁ
Pa3IMYHbIX MOJICKYJLIPHBIX MACC W HCCICIOBAHHUC HUX KOH(I)OpMaHI/Iﬁ B

3aBUCUMOCTH OT CTENEHU THIPOPOOHOCTH UX MOHOMEPHBIX 3BEHBEB.

e lccnenoBaHue BIIMSIHUS CBOMCTB CpEllbl, TAKMX KaK Kaue€CTBO PACTBOPHUTEII,
yMoHHas cwia u pH pacTBopa, Ha BHYTPEHHIOIO CTPYKTYpy 3Be3a. [locTtpoeHue
M aHAIN3 JUarpaMM COCTOSHUSA 3B€3. BBISIBICHHE YCIOBHWIA, OTBEYAOIINX
MHUKpPO(}a30BO PaCCIOEHHON KBa3MMHIIEIUIAPHONH KOH(GOPMAIIMH OTWHOYHOU

3BC3bI.

e llccnenoBanue BIWSIHUSL CBOMCTB Cpenbl Ha XapaKTep B3aWMMOIEHCTBUS JBYX

3BE3/] APYT € JAPYI'OM M 3B€3/1bl C HEIIPOHULIAEMOM I'IpOPOOHOI TOBEPXHOCTHIO.

Haquaﬁ HOBHU3HAa paﬁoTbIZ



e BriepBeie  ycraHoBieHo, 4Yto B ambudunapHOM  pH-uyBCcTBUTENHHOM
MIOJIUAJIEKTPOJINTHOM  3BE3/I€, COCTABIECHHOW W3 TOMOIIOJAMEPHBIX JIy4YeH,
MOHOMEPHBIE 3BEHbSI KOTOPBIX COAEpkaT OJHOBPEMEHHO THUIAPOGOOHYI0 U
MOHOIE€HHYIO TPYIIbl, TPU OIPEACIIEHHbIX MapaMeTpax Cpellbl peau3yeTcs
MUKpoGa3oBO pacciioeHHass KoHdopmanus. JTa KoHbOpMalus MPEICTaBiseT
co0O0i /Ba JAOMEHA IJIOTHOM W He3apsiKeHHOW (a3bl sijipa B LIEHTPE 3BE3/bl U

pa3peKeHHOM, HO 3apsHKeHHOHN (ha3hl KOPOHEL.

e B pamMkax mpocTOii MOAENM I[IOKa3aHO, YTO MHKPO(a30oBOE pPacCIOCHHE
CBOWCTBEHHO BCEM pa3BETBICHHBIM MOJMMEPAM, MPU YCIOBHUM €CJIH HX
MOHOMEPHBIE 3BE€HbSI COJIEPkKAT OJHOBPEMEHHO HMOHOT€HHYIO M TUJApOGOOHYIO

TPYIIIBIL.

e OOHapyxeHO, 4YTO MHKpO(}a30BO€ pACCIOEHUE B 3BE3€ OCYIIECTBIISCTCS
IIOCPEJICTBOM pa3JielICHHsl JIyueld 3Be3/ibl Ha JBE IOIYJISAIHH, OJHA U3 KOTOPBIX

dbopmupyer mioTHy0 a3y (AP0 KBa3UMHIIEIUIbI), a Jpyras — pa3pe’KeHHYIO

(KOpoHY).

e YCTaHOBIIEHO, YTO WOHHAs CWJIa pacTBOpa KapAWHAJIBHBIM  00pa3om,
oOycnaBinvBasi TPUTSHKEHWE WM OTTAJKWBAaHWE, BIUSET HA  XapakTep
B3aMMOJIEHCTBUS JIBYX 3B€3J, a TAKKE B3aUMOJACHUCTBUS 3BE3/bI U TUIPO(HOOHOM

CTCHKHM.

e [loka3zaHo, yTO Ha MHMKpPO(}A30BO€ paccilOeHUe BHYTPH 3BE€3Jlbl KPOME CBOWCTB

CpCAbl MOT'YT OKa3bIBaAThb BIIMAHUC IIPOCTPAHCTBCHHBLIC OI'PAHWYCHMA.

HOJIy‘-IeHHBIe pPE3yJibTarbl BHOCAT CYIJ_ICCTBCHHBIIZ BKJIaJl B Pa3BUTHUC HpeI[CTaBJIeHI/Iﬁ

0 KOH(OPMALIMOHHBIX IPEBPAILEHUAX B MOHHBIX 3B€3/1000pa3HbIX MAKPOMOJIEKYJIAX

Hayuynasgs w  npakTuyeckasi 3HAYMMOCTh  PadOThl. YCTAaHOBIICHHbIE
3aKOHOMEPHOCTH IIOBEJCHUSI 3BE€3J] B pACTBOPE, a TaKXKE BIUAHUS HCXOJHOMU

OpraHu3alMd MX MOHOMEPHBIX E€AMHUI Ha CTPYKTYpY W pa3Mepbl 00pa3yrouiuxcs
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KBa3UMHULICIIJI, MOI'YT OBITH HCIIOJIB30BAHBI AJ1 pa3sBUTHA MCETOAOB IIOJIYUCHHA
U aHaJiu3a CBOMCTB HOBBIX MarcpualioB, ICPCICKTHUBHBIX I HAHOTCXHOJIOI'MH,

MEIUIMHBI U (HapMaKOJIOTHH.

OcHoOBHBIE IMOJIO’KCHHUSI, BLIHOCHUMbIC Ha 3alllUTY:

1. ITpupona MHKpPO(ha30BOTO paccioeHus B pH-uyBcTBUTENTBHOM
MOJIMAJIEKTPOJIMTHON  3Be3ne (M B JOOOM  pa3BETBIEHHOM  cilaboM
MOJIMAJIEKTPOJIUTE) OIPEAEISIETCS MPOTUBOACHCTBUEM Ccuil  TuapodoOHOCTH
M DIIEKTPOCTAaTHUYECKUX  B3aUMOIEUCTBUM. XapAKTEPUCTUKHA  PACCIOCHUS
ONPENCIISIIOTCS KOJIMYECTBOM M COCTABOM KOHTPHUOHOB, JIOKAJIM30BaHHBIX BO

BHYTpPEHHEW 00JIacTH MaKpOUOHa.

2. BennunHa KOHLEHTPAlMM COJM B PAcTBOPE ONpENEHseT TPU pPEKHUMA
B3aMMOJICUCTBUSL 3BE3/IbI M HU3KOMOJIEKYJSIPHBIX HMOHOB C 0Opa3oBaHUEM
KOMITAKTHBIX 1100ys (OecconeBoit pacTBOp), ABYX(Pa3HbIX CTPYKTYp THUMA SIAPO—
KOpoHa (IIPY HU3KUX KOHUEHTPALHUAX COJIM) U MOHM30BAHHOIO COCTOSIHUSA (IIpU

YMEPCHHO BBICOKHMX KOHLICHTPAIOMAX COJII/I).

3. YcnoBus TEPMOJIUHAMHUYECKOTO PaBHOBECHS B Pa3BETBICHHOMN
MOJIUAJIEKTPOJIUTHON CUCTEME ONPEEIISIIOT HAJTMUUE U BEJIMYMHY 3alpPEIIEHHON
30HbI 3HAUEHWUW MJIOTHOCTH IOJUMEPA U NPEAEIbHO AOMYCTUMbIE BO3MOMXHbIE

IJIOTHOCTU B (pa3zax siipa U KOPOHBI.

4. XapakTtep B3aUMOACUCTBHUSA IBYX 3BE31, a TAK)KE 3BE31IbI 1 THAPOPOOHON CTEHKH,

IMOJHOCTBIO OIIPCACIIACTCA UX (1)33OBBIM COCTOSAHHUEM.

5. HpOCTpaHCTBeHHI)Ie OTrpaHUYCHUA 3BC3AbI MPUBOAAT K YINIOTHCHHIO €€ KOPOHBI,
B pe3yidbTarce 4YCero npu AOCTHUKCHUN IIPCACIIBHO HOHYCTHMOﬁ B KOpPOHC

IJIOTHOCTU IPOUCXOAUT MUKPO(]A30BOE paccioeHue.
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AnpoGamusi  padorbl. OCHOBHBIE  pe3ylbTaThl  JAWCCEPTAIIMOHHOW  PabOTHI
JOKJIaABIBAINCH U OOCYKIATUCh HA POCCHMCKUAX M MEXTYHAPOIHBIX KOH(DEPEeHIIHIX:
V, VI, IX Canxkr-IletepOyprckast koHhEpEeHINS MOJIOABIX YYEHBIX C MEXTYHAPOTHBIM
yuactuem «CoBpemeHHbIe npoOieMbl Hayku o monumepax» (Cankr-IletepOypr, 19
— 22 oxtsa6ps 2009 1., 18 — 21 okrsa6ps 2010 1., 11 — 14 Hos10pst 2013 1), V u VI
Bceepoccuiickue Kaprunckue kondepenuuu «llomumepst 2010» (Mocksa, 21 — 25
utors 2010 r) u «Ilomamepsr 2014» (27 — 31 sauBaps 2014 r.), Bcepoccuiickas
IIKOJIa-KOH(PEPEeHIUSA 1T MOJOABIX YYEHBIX «MaKpOMOJICKYISIpHbIE HAHOOOBEKTHI
U [OJIMMEpPHblE HaHOKOMNO3UTHD» (MockoBckass oOmacth, maHncuoHat «Coro3y», 8 —
13 mos16ps 2009 1.), 7th International Symposium «Molecular Mobility and Order in
Polymer Systems» (Canxt-Iletepoypr, 6 — 10 Urons 2011 r.), International workshop
«Theory and Computer Simulation of Polymers: New Developments» (Mockga, 31
mast — 6 urons 2010 r.)

ITo marepmamam muccepTanuyd OMyOTWKOBAaHO 4 CTaTbM B OTEYECTBEHHBIX M
3apyOeKHBIX JKypHanax, pekomeHioBaHHbIX BAK, u Te3ucsl 8 mokmagoB Ha

KOH(pEPEHIUSIX.

JInuHblil BKJIAA aBTOPAa COCTOSJI B BBIIIOJIHEHUU YUCJIEHHOTO JKCIEPUMEHTA
METOZIOM CaMOoCOTIIacoBaHHOTO 1ot Cxoirenca—Dmnupa, IpOBEIEHUN TEOPETHUECKUX
pacueToB, 00pabOTKe MOIYUEHHBIX JAHHBIX, OOCYXACHUH PE3YJAbTaTOB U MOATOTOBKE
BCEX IMyOJIMKAIUi 110 TeMe PabOTHI.

PaGora BEITIOTHEHA B COOTBETCTBHHM C IUIAHOM HAyYHO-HCCIIEIOBATEIIbCKIX
pabot denepalibHOroO roCyIapCTBEHHOTO OIOKETHOTO yUpexkAIeHus Hayku MHcTuTyTa
BBICOKOMOJIEKYJISIpHBIX coenuHenuit Poccuiickoit axagemun Hayk (MBC PAH)
no temam: «CTpyKTypa M JAMHAMUKA HAHOPA3MEPHBIX IOJIMMEPHBIX CHUCTEM.
DKCTIepUMEHT, TeOpus W KOMIbIoTepHOe MomenupoBanue» (per. Ne 01200850657)
u «HaHopa3zmepHble HOJUMEPHBIE CTPYKTYpbl B pacTBOpe U TBepaou ¢asze» (per.
Ne 01201151575) u npu ¢dunancopoit noanepxke rpantoB PODU Ne 08-03-00336

«HaHoMOOUIbHBIE TOJUMEPHBIE CUCTEMBI CO CTPYKTYPOH TMOIMMEPHBIX HIETOK Ha
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HanoMacmrTabax», PODU Ne 12-03-31649 «lccnenoBanne BIMSHUS MOHHOM CHIIBI
pacTBOpa U KauecTBa pacTBOPUTENS HA B3auMozeiicTBrue aMpu(UIbHBIX TOJIUMEPHBIX
3BE€3J1 APYT C JIPYTOM U C TOBEPXHOCTHIO. T€OpHUs U KOMIIBIOTEPHOE MOJAEIUPOBAHUEY,
PODOU Ne 14-03-00372 «DddeKxTsl cerperaivy B MOTUMEPHBIX IIETKAX.

O0bem u cTpykTypa padorsl. /(uccepranusi COCTOUT U3 BBEJECHUS, TPEX IJIAB,
3aKJIIOYEHUS, BBIBOJOB M CHUCKAa LUTUpyeMoi juteparypbl (105 HanmeHoBaHuit).

Juccepramnus nznoxkena Ha 143 cTpanunax u coaepxut 38 PucynkoB u 1 Tabnuiy.
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IJTABA 1. OB30P JIMTEPATYPBI

1.1. PacTBOpbI HEHTPAIbHBIX MOJTUMEPHBIX MIETOK U 3Be3]

[IpocTeiimum 13 3B€31000pa3HbIX MOJIMMEPOB SIBJISIETCS TOMOIIOJIMMEPHAs 3BE3/1,
HOCTPOEHHAs U3 (PUKCUPOBAHHOIO YMCJIA OJWHAKOBBIX MO XUMHUYECKOMY COCTaBYy
U KOHTYpHOU miuHe nydedd. PaccmMoTpum koH(pOpManwu W OCHOBHBIE CBOWCTBA
Takol HEWTpanbHON (HE 3apsDKCHHOW) IMOJIMMEpPHOM 3Be3fsl B pacTBope. IlycTh
3Be€3/1a COCTOUT U3 M JIMHEMHBIX JIydell KakIblil 110 N MOHOMEpHBIX 3BEHBbEB. Kak
BUJIHO U3 PucyHka 2, 3Be3na mpenronaraeT Hajluyue B HEW LEHTPAJIbHOIO SApa, K
KOTOPOMY MPHUIIUTHI BCE €€ 3BEHbA. bylieM cuntarh, 4TO pa3Mepbl HEHTPAIBLHOTO sapa
NpPEeHeOPEeKUMO Majbl B CPaBHEHHUM C pa3MepamMu KOpOHbI 3Be3[bl. [lpeamnonoxum
TaKKe, 4YTO JIy4d 3BE3/bl SIBJSIOTCS CBOOOJAHOCOWIEHEHHBIMHM LIEMSIMU, Y KOTOPBIX
JuiiHa cerMeHTa KyHa paBHa pasMepy MOHOMEpPHOTO 3BEHA d.

Haunnas ¢ mmonepckort pabotel 3umma u Illtokmaiiepa [21], Takue OOBEKTHI
HOJAPOOHO M3Yy4allUCh B TEUEHHUE JJIUTENHHOIO BPEMEHU U OINMCAHBI B LEJIOM psije
pabot (cm. Harpumep [4,22-29]).

B knaccuueckoir Teopum 3umma u llrokmaiiepa [21] paccmarpuBaercs
noJiiMepHasi  3Be3la, Koropas coctout u3 M uneanbHbix (['ayccoBwix) He
B3aMMOJICUCTBYIOIIUX LEINEH, CBSI3aHHBIX APYI C JIPYroM B LEHTPE MOJIEKY/bl. JTa
MOJIeNIb JAeT MPEACTABIECHUE O TOM, MOYEMY pa3Mep 3BE3/bl OKa3bIBAECTCS MEHBIIIE,
YyeM pa3Mep JIMHEWHOMN LEeNOYKd ¢ Takoi ke cTeneHbro noimmepusanuud M N. Tak
KaK B OTOM MOJENIH OTCYTCTBYIOT B3aWMOACHCTBUS MEXAY JIydaMH, IIOJHBIA pa3sMep
3BE3/Ibl OKA3bIBAETCSl CUCTEMATUYECKH 3aHMKEHHBIM.

Kopotkoaeiictyromue B3aUMOJENCTBUS (cuisl Ban-pnep-Baansca n
B3aUMOJIEUCTBUSL UCKIIOYEHHOTO 00bEMA) MEXKYy MOHOMEPAMHU MOT'YT OBbITh YUYTEHBI
C IIOMOILbIO BUPUAJIBHOTO pasiiokeHus. Tak kak 00beMHasi J10J11 MOHOMEPOB B 3BE€3/1€
3HAYUTEIBbHO MEHBIIE E€AUHULBI, B 3TOM PA3JIOKEHUU MOXHO YUHMTBIBATH TOJBKO
napHele (OMHMCHIBAEMBIE BTOPHIM BUPHAILHBIM Kod(uuuenToM v ~ a*(1—2x(T))) u

TPOWYHBIC B3aUMOJICUCTBHS (OMUCHIBAEMbIE TPETHUM BHUPHATIBHBIM KOY(PPHUIIIEHTOM
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Pucynoxk 2 — Ilpencrasnenne 6:100H0M Moxenu. Kaxxaas BETBb SBISETCS
IIOCJIEI0BATEIbHOCTHIO 0I000B pa3Mepa &, KOTOPHIN YBEIUYUBACTCS MPHU MEPEXOAC

OT IIEHTpa 3Be31bl K nepudepun. PucyHnok B3sT u3 padbotsr [25].

w ~ a%). Bropoil BupuanbHbli KOS(QQUUMEHT cBs3aH ¢ napameTpoMm DIopu-—
Xarruaca Y W SIBJISIETCS TOJIOXKUTEIBbHBIM B Xopouiem pactBopurene (x < 1/2)
¥ orpuuareJbHbiM B mwioxom (xy > 1/2). B xopomem pacrBopureiie MapHbie
B3aUMOJICUCTBUS OKA3bIBAIOTCS OTTAJIKMBAHUEM MEXIY MOHOMEPAMH, a B INIOXOM —
npuTsbkeHrueM. B ocobom cimydae, korma v = (), KOTOPBIA COOTBETCTBYET T. H.
0-ycnoBusiM, cinaboe Ban-nep-BaanbcoBo nputsikeHue B TOUHOCTH KOMIIEHCUPYETCS
B3aMMOJIEUCTBUSIMUA UCKIIFOUEHHOTO 00bema.

bosnee coBpemeHHbIE TEOPETUUECKHE MOJIETU JIaHHOTO 00OBbeKTa (CM., HalpuMep,
[28, 29]) BkIOYaIM KOPOTKOJACWUCTBYIOLIME B3AaUMOJEHUCTBUS B MNPUOIMKEHUU
CPEIHEro IoJisi, HO HE YYMTBHIBAJIM MOTEPI0 KOH(OPMALMOHHOM SHTPONUHU IIPU
pacTshkeHun Jydeil. Tak 9TO Takoro poma TEOpUH MPUBOAWIM K 3aBBIIIEHHBIM
OLICHKaM pa3Mepa 3Be3/I.

IlepBpie Teopuu, YUYUTHIBAIOIIME OajdaHC MEXKIY HHTPaMOJIEKYISIPHBIMU
B3aUMOJIEUCTBUSIMA U KOH(DOPMAIMOHHOW AJIACTUYHOCTHIO IIE€Mel, COCTaBIISIOIINX

3Be31y, Obliu pa3uthl Jlaynom u Korronom [25] u bupmreitn u Kynunoit [24, 30].
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OTH TEOpPUH UCIIONB3YIOT CKEWJIMHIOBOE TMpeacTaBieHne (OIOOHYI0 MOIEHb),
W3HaYaJIbHO pa3paboranHyio 1e JKeHoM W AJnekcaHIepoM i ONMUCAHUS
CTPYKTYPBI TTOJTypa30aBIECHHOTO TTOJIMMEPHOTO pacTBOpPaA [2] U TIIIOCKUX MOTUMEPHBIX
mietok [31,32].

CymectBennbiM B monienu [layna—Korrona siBisieTcst mpeanonoxenne o (Gukcammm
CBOOO/IHBIX KOHIIOB Ha BHENIHEW IOBEPXHOCTH (HA OMNPEIEIICHHOM PAaCCTOSHUN
OT IIEHTpa TMPHUIITHBKHA BETBEH 3Be3/bI). [I[pUMEHHTENBHO K IUIOCKHM IIETKaM 3Ta
MOJIeTIb Ha3bIBaeTCsA MOAENbI0 Anekcanaepa—ae JKena miu «box»-momens [31,32].
3Be3/1a B MOJIENIM TPAKTYeTCs Kak cepruueckas MOoTMMEpHas IEeTKa B KBa3UILJIOCKOM
npuOmmkeHun. [Ipu 3TOM KOHIEHTpaIvs 3BEHBEB B KaXIOM EIWHUYHOM CyOCoe
IIETKW HA PACCTOSTHUU T OT LIEHTPa MPEArnojarajach paBHOW KOHIIEHTPAIIUU 3BEHHEB
B IUIOCKOM IIETKE MPU TOW K€ TUIOIIAIA MPUBUBKH, YTO U pactymias ¢ 7 3QpekTuBHas

JOCTYyIHAsI JIJIsl KaXK/I0M BETBU B CyOCJI0€ MOBEPXHOCTD.

1.1.1. Kondopmanuu oIMHOYHON MOJTMMEPHOH 3Be31bl. «Box»-monein

B coorBercTtBUM ¢ 0100HOW MOJEIBI0, THOKOIENHAS IOJMMEpHAs 3Be3/a
TPAKTyeTCsl KaK MAaCCHB KOHIICHTPUUYECKHUX O0O0JIOUEK IUIOTHO yHMaKOBaHHBIX OJI000B
(Pucynok 2). Ilogpa3zymeBaeTcsi, 9TO KOHIIBI BCEX IETEW JIOKATM30BaHbI B KpailHEM
O6mo0e, W Kaxnas Ienb ydacTByeT B (opMupoBaHMH OAHOro 01002 BO BCEX
obomoukax («box»-momens [25]). BHyTpm kaxkmoro Oj00a cerMeHTHI Ierned He
UCIIBITHIBAIOT HHUKAKMX B3aMMOJEHCTBHH C JPYrUMH IENSMH M, CJIEI0BaTEIbHO,
SIBJISIFOTCSL ['ayCCOBBIMM WJIM LIETISIMU C MCKJIFOYCHHBIM 00BEMOM B (- WM XOpoliem
pacTBOpUTENSAX COOTBETCTBEHHO. Paccmorpum arepmuueckuit (v = a®) u 6-
pactBoputenu (v = (). Pazmep 0G:moba Ha pacCTOSSHMH 7 OT IIEHTpa 3BE3IbI PaBEH
CpellHeMy PacCTOSHHIO Mexay memsmu = r /M2, xotopoe coBmazaer ¢ NOKanbHOM
KOPPESIMHOHHON JutnHOU &(7). DTa JuTMHA B CBOKO OYEPEIb CBSI3aHA C JIOKAJIbHON
KOHIIEHTpalueil uiun oO0beMHOW joiieit monuMepa (r) TeM e CKEHIMHIOBBIM
COOTHOLUEHKEM, YTO U B monypaséasienHoM pactsope &(r) = a (p(r)a?) /@)

rjie v — nokaszaresab @nopu (v =~ 3/5 u v = 1/2 B xopoiuem u G-pacTBOPUTEIISIX).
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Taxum o6pa3om, 6100HasT MOZIETTh IPUBOANT K CTEIICHHOW 3aBUCHMOCTH PaJHAIBHOTO

criaga HOHHMCpHOﬁ IIIIOTHOCTH.

-3

(Bv-1)/v
) o

plr) = (M'Pafr

Y

3n1ece M Jlaliee 3HaK = O3HAYaeT, YTO B BBIPAXKEHHUM OIYLIEH YMUCIOBOM
KO3 GULIMEHT 1O MOPSIAKY BEJIMYMHBI OJIM3KUI K €UHULIE.
PagmanbHbpi  cnag TOMMMEPHOM TUIOTHOCTH COOTBETCTBYET PaJHATbHOMY

~Y

YMEHBLICHAK0 JIOKAIBHOIO pacTsikeHus wuenedt dr/dn = M/ (rPp(r)) =

. v—1/v
a(M~?r/a) v,
9JIaCTHYECKOE HATSDKCHUE LIEHed U, CIeNOBAaTeNIbHO, pa3Mep acTHYecKoro 0100a

Elastic = a(adn/dr)y/(l_y) [33]. B OnoGnoit momenn Eyugric(r) = &(r), Tak

B T0 ke BpEMA  JIOKAJIBHOC  PACTAXKCHHUC  OIIPCACIIACT

4TO PaJAHMAIbHBIA POCT Pa3MepOB KOHIEHTPAMOHHOTO Oy100a &(r) aBTOMATH4ecKu
03HAYAET CIaJl JIOKAJILHOIO HATSIKEHHs B BeTBsX 3Be3abl &1, = M2 /r.

elastic

N3 ycnoBust HOpPMUPOBKH TTPOQIIIS TIIIOTHOCTH 3BE3]IBI

R
47/ o(r)r* = MN (1)
0
MOXHO HAWTH CKEMJIMHIOBOE BBIpa)KEHHUE ISl IIOJTHOTO pa3Mepa [ 3Be3bl:
R = aN"MU1-1)/2 2)

Kax BumHO U3 ypaBHeHuUs 2, pa3mep 3Be3/bl [X 3aBUCUT OT CTETEHU MOJUMEPHU3AIIU
N ee nydyeil c TOW K€ CTENEHHOM 3aBUCUMOCTBIO, YTO M pa3Mep JUHEWHOU
nermm R~ NY. Tem He MeHee, pacTaJIKMBAaHUE MEXKIy BETBSIMHU 3BE3JIbI
OPUBOJIUT K PACTSHKEHUIO BETBEM B pajMalibHOM HAIIPABIEHUU CPABHUTENIBHO C
pa3MepoM OTAEIbHOM JIMHEWHON IeMM C TOM XK€ CTeleHbI IoiauMmepusanuu N.
DTOT KOONEPATUBHBIN dPPEKT MEKIIETTHOTO PAaCTAIKUBAHUS OMUCHIBAETCS (PaKTOPOM
MU=7)/2 g ypapHenuu 2. V3-3a OTHOCHTENEHO BBICOKOH HONMMEPHOH ILIOTHOCTH
BO BHYTPEHHEM OOBEME 3BE3J[bl PACTSDKEHWE JIyuel 3Be3lIbl BO3HHMKAeT Haxe B 0-
ycioBusix. B omiMune OT JMHEHHBIX IMOJIMMEPOB, pacTalKUBaHUE, OOYCIOBIEHHOE

TPOUYHBIMHA BBaHMOHeﬁCTBHHMH BHYTpU 3BC3/Ibl, oOecIieyruBaeT MX PACTAKECHHUEC 110
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cpaBHeHUIO ¢ ['ayccoBbiMM pa3mepamu. VIHTepecHO, YTO B XOpOILIEM pacTBOPUTEINE,
BOJIM3U 0-yCIIOBUI, KOPOHA 3BE€3/Ibl U3 JOCTATOYHO JJIMHHBIX LENEH COCTOUT U3 ABYX
obnacteii. B obmactu, 6M3K0i K IIEHTPY, CETMEHTHI LIeTie BHYTpHU 0J100a COXpaHSIOT
I'ayccoBy craTtucTuky, W cnaj npoduis IUIOTHOCTH 3/1€Ch 33JaeTcsl BbIpAXXEHHEM
o(r) =2 MY2(wa=%) Y421, Bumxe k nepudepun 38e3abl GIOOBI CTAHOBSITCS
3HAYUTEILHO OoJibllie ¥ NMPOQUIM TUIOTHOCTU NpUOOpeTaroT GOopMy, TUIIMUYHYIO JUIs

a)

xoporero pacteoputens (r) = M?3y~13q723p=4/3 T'pammma mexnay sTuMH
permoHaMu 7y ompenenserca ycnosueM &(rg)vat = 1, To ecth, g = MY20 lat,
Ha macmrabax 3Be3/bl, KaK IEJIOr0, IEPEXO] OT H-peKruMa MOBEAECHUS K PEKUMY
XOPOIIIETO PACTBOPUTENST MOXET OBITh OIEHEH, MUCXOAs W3 TpeOoBaHWs HaOyXaHUS
Kkpaitnero 6mo6a, £(R)va™* > 1, uto mogpasymesaer Nv2M~1/2q=6 > 1. Tlonuwiit
pasMep 3Be3/bl X B TAKOM Cilydae JaeTcCsi BHIPAKEHUEM:
3/5 3\1/5 7 r1/5
alN (v/ a ) M?*/°, B XOpOIIEM PaCTOPHUTEIIE;
Y
R (3)
1/8
aN'? (w/a®) S MYA B moxom pacropurere.
[IpuBeneHHbIE CKEIIMHTOBBIE COOOpa)KEHUs OIKMCHIBAIOT OCHOBHBIE CBOMCTBA

HEUTpaJIbHBIX TTOJIMMEPHBIX 3BE3]l B XOPOIIIEM U -pacTBOPUTEIISIX. A UMEHHO:
1. crereHHy 3aBUCUMOCTb CI1aJla PajualibHOM [TOJIMMEPHOM MJIOTHOCTH,

2. CKeﬁHHHFOBym 3aBUCUMOCTD IIOJIHOI'O pasMcpa 3BC3/bI R ot xommyecTBa ee

nyderd M w creneHu ux noaumepusanuu N.

OTH CKEMIMHTOBBIE TPEJICKa3aHMsl HAIIA ITOATBEPXKICHUE YUCICHHBIMU METOJIaMH
MOJIEKYJIIpHOU fuHaMuKu U1 MoHTe-Kapno [34-37], a Takxke 3KCepuMeHTalbHO [38—
40]. Takum oOpa3om, mpocTas 0J00HAS MOACITH OCTAETCS BAXKHBIM TEOPETHYECCKUM
WHCTPYMEHTOM i MHTEPIPETANNH DKCIIEPUMEHTAIBHBIX TaHHBIX O HEUTpaTbHBIX
3Be31000pa3HBIX MaKpOMOJeKylax. BBemeHne B 3Ty MoneNb AaNbHOIAEHCTBYIOIINX
ANEKTPOCTATUYECKUX B3aUMOJCHCTBUM, OJTHAKO, OKAa3bIBAETCS HEBO3MOXHBIM 0e€3

JOITIOJIHUTCIIBHBIX HpeL[HOJIO)KeHI/If/'I.
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1.1.2. HemocTaTkm «box»-Moaean

Mogens mnonuMepHON 3Be3Abl (MM I1IETKH) C (PUKCUPOBAHHBIMU KOHILIAMH
€CTECTBEHHO NPUBOAUT K NPEACTABICHUIO O TAKOW IIETKE Kak 00 OZHOPOAHOM
CHUCTEME, T.€. CHUCTEME C MOCTOSHHOM IUIOTHOCTBIO. IInmoTHOCTE perymupyercs
0amaHCOM OTTAJIKUBATEIbHOTO B3aUMOJEHUCTBUSA IENed M CUJIOM HX YIPYroro
pacTshkeHus. B muTupoBaBmumxcs paborax [24, 25,30] u B mpuBEACHHOM BBIIIE
aHaJM3e TPEeNIonarajoch, 4To B 3Be37€, KaKk U B «bOX»-MOJENN TMJIOCKOW IIETKH,
YPaBHOBENIMBAIOTCSI UMEHHO JIOKAJIbHbIE BKJIAJIBI B CBOOOIHYIO SHEPTUIO IIETKH.

[Ipu oTcyTCTBMH YNPOIIAIOWIEro NMPUOMMKEHHUs] O (PUKCAUMU KOHILIOB CUTYallMs
OKa3bIBaETCs 00JIee CI0KHOU YK€ /I TUIOCKOM 1meTku. Brirrouenue B 00111y10 3a1a4y
MUHUMU3AIUA CBOOOIHON HHEPrUU, BO3MOXKHOCTU HEOJHOPOAHOIO PACTSHKEHHUS
KOKIOM LEMHU U PA3INYus B IIOJHOM CTEIICHHW PACTSKEHUS OTIACIBbHBIX LENEU AenaeT
HIeTKy 0oJyiee CBOOOAHOM M CLIOCOOHOM K JIOMOJIHUTENIbHONW caMoopranu3anuu. B Heit
BO3HUKAIOT JaJbHOACHCTBYIONINE HeJOKalbHbIE 3 dexThl. CBOOOAHBIE KOHITHI TAKON
HIETKW pacmipeieNieHbl 10 BCei ee BbicoTe [, MPONopIuOHaIbHON KOHTYPHOU JJIMHE
aN TpUBUTHIX MENeH W 3aBUCAIIECH OT TJIOTHOCTU MPUBUBKY 0. JIJIs TJIOCKOW MIETKU

B XOPOLLEM pacTBopuTelie nonyydaercs [27]
H ~ No'/3,

[InmoTHOCTH 3BEHBEB B IIETKE OKA3bIBAETCS yOBIBaromed (PyHKIMEN pacCTOSHUS
OT IUJIOCKOCTH IIPUBUBKHM, IIPHUYEM CYLIECTBEHHO HE C€amMO 3TO pPAaCCTOsSHHUE, a
€ro BeJIMYMHA, OTHECEHHass K NpelelibHOM BbICOTE€ WIETKU. Takum 0O0pa3om, B
ATOM CHUCTEME MPOSBISIETCS HEJNOKaJbHbIA 3(P(EKT. 3aBUCMMOCTb XapaKTePUCTUKHU
(TUTIOTHOCTH 3BEHBEB, PACTSHKEHUS IIETIeH) B CyOCioe Ha pacCTOSHUU 2 OT IUIOCKOCTH
OPUBUBKU CTAHOBUTCS (DYHKIMEN IMOITHOTO pa3Mepa MIETKU U, B YACTHOCTH, (PYHKIIHEH
IIOJIHOU CTENEHU UX PACTKECHUS.

Ha Pucynke 3(a) comocraBiensl nNpoduiin TUIOTHOCTHA JABYX IOTPYXKEHHBIX B
XOpOILIWM PAaCTBOPHUTEIb HIETOK C OJWHAKOBOW IJIOTHOCTBIO NPUBHUBKHU, HO C Pa3HOU

JummHon neneu, Ny > Ns.
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Pucynoxk 3 — (a) IIpodunm mI0THOCTH TIIOCKUX MIETOK B XOPOIIIEM PAaCTBOPHUTEINE.
Jlmmaa npuButhix nenei N = 500 (kpusas 1) u 1000 (kpuBas 2), IIOTHOCTH
npuBuBku o = 0.016. [Tapamerp ®nopu x = 0. (6) [Ipodunu mioTHOCTH
HEe3apsHKCHHBIX 3BE3J1 U3 IISTH JIydel B xoporreM pactBopurele (Y = 0). Cruroniasie
KpuBble — pacueT 1o merony Cxonrenca—Dmupa nmpu N = 100 (1), 500 (2), 1000
(3) u 3000 (4). llITpuxoBbI€ TUHUM — COOTBETCTBYIOIIMI pacuet 1o NL-teopun.

PucyHnku B3sTbl U3 paboThl [26]. 30€Ch € U T COOTBETCTBEHHO O0BEMHAsI IIJIOTHOCTD

IMCTKHU U pacCTOAHUEC OT IMMIOBCPXHOCTHU IIPHUIIKWMBKHA HeHeﬁ MICTKH.

B cnydae 3Be3nbl, gaxke Mpu (pUKCAIMKM KOHIIOB IIETIeH Ha BHEIIHEW MOBEPXHOCTH
MIETKHA, CHUCTeMa HE SBISETCA OAHOpPOAHOM. JloCTymHas nJis DSJIEMEHTOB BETBH
MOBEPXHOCTh (00BEM EIMHUYHOIO CepruuecKoro cyoOciios) pacTeT ¢ yaaleHUEeM
r OT LieHTpa Kak r2. BeTBUM CTpeMsATCs CHIIbHEE PACTSAHYThCS BOJNU3M LEHTPA,
9TOOBI JOCTHYb OOJIBIIET0 JOCTyHHOro oObema. D(P@exkT BO BHYTpPEHHEH dYacTu
3BE3/Ibl HEJIOKAJIEH, OH 3aBHCHUT OT JUIMHBI LIETIH: YeM JJIMHHEE 1Ielb, TEM CHUJIbHEe
BBITATHBAHWE BHYTPEHHEW YacTH BeTBeW. TWNUYHBICE TPOQPMIH IUIOTHOCTH 3BE3J
C pa3HOM JnMHOW BeTBeW mnpuBeneHsl Ha Pucynke 3(0). MHTepecHo, uto Ha
Pucynke 3(a) u 3(6) addexTs mpoTUBONONOKHBI 110 3HaKy. HemokanbHbie 3D (eKTHI,

CBA3AaHHBIC C PACHPCACICHUEM KOHIOB B INIOCKHMX HICTKax, MHMPHUBOAAT K MEHbIILIEH

MJIOTHOCTH IIETOK W3 00Jiee KOPOTKUX IIeTrel, a HelloKanbHbie d(PGEeKThl B 3BE3JIE,
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KOTOpBbIE MOXKHO Ha3BaTh «IEHTPOOSKHBIMH», — K YMEHBIIEHHUIO IIJIOTHOCTH BO
BHYTPEHHEN YaCTH 3BE3/bl IPU POCTE JIMHBI BETBEU.

AHanuTAueckass TEOpUsT M3OTHYTHIX (IWIMHAPUYECKUX U CHEpUIECKHX)
BBITTYKJIBIX IIETOK W 3BE3]l, yUUThIBaromasi HesiokanbHbie 3¢ dexTsl (NL-Teopwust), Opina
pazButa B [4,26]. B npuBeneHHbix padoTax ObUIO MCIOJB30BAHO MPEIIONIOKEHUE
0 (uKcauMu KOHIIOB II€Me Ha BHENIHEW MOBEPXHOCTU. YUYET BO3MOXXHOCTH
pacrpeieNieHnsl KOHIIOB IIeTed B TaKWX IIeTKaX HaTaJKUBAeTCs Ha OOJbIIne
TpyAHOCTH. PocT moctymHoro oOheMa Mpu yOaJeHUW OT IIEHTpa MPHUBOIUT K
BBITAJIKUBAaHUIO KOHIIOB Ienel Ha nepudepuro. OgHako ToNIIMHA NepudepuitHoro
CJI0sI, COAEp KalIero KOHLbI LENeil, MOXXET O0Ka3aTbCs JOBOJbHO 3HAYUTEIbHOM.
ITo cymiectBy, HauMHasi TPUMEPHO C TOJIOBUHBI CBOEIrO IOJIHOIO pajnyca, 3Be3/a
IPaKTUYECKU SKBHUBAJICHTHA IIJIOCKOM IIETKE, B KOTOPOM, KaK M3BECTHO, CBOOOIHBIE
KOHIIbl PACIPE/IEIIEHBI 110 BCEMY 00BEMY.

YToOBl paccCMOTPETh CTPYKTYPY 3BE3/ IPU BO3MOXKHOCTH PacHpeesIeHNs] KOHIIOB
nemnei, B pabore [26] ucmonb3zoBancsa 4YUCHeHHBbIM Meton CxoiteHca—®Dnupa [41]
I PELICHUsT YPABHEHUU CaMOCOITIACOBAHHOIO IOJISI, MO3BOJISIOIUMNA HMCCIEA0BATH
KOH(popManu 0Oe3 BBEIEHMs JOMOJHUTEIbHBIX OrpaHuyeHuid. B wactHOcTH, TIpH
MOJIETTMPOBAHUU HE (PUKCUPYIOTCSI PEKUMBbI TTOBEICHUSI CUCTEMBI, @ PACCUUTHIBAIOTCS
€€ COCTOSIHUSI IIPU y4Y€TE€ BCEX THUIIOB B3aMMOJECHCTBHM. B aHaIMTUUYECKOW TEOpUU
O0OBIYHO paccMarpuBaeTCsl TOT UM MHOM PEXKUM IOBEICHUS BO BCEX YACTAX CUCTEMBI

P JOMUHUPOBAHUU ONPEACICHHBIX B3aUMOJCHCTBUML.

1.2. PacTBOpBI NOJMIEKTPOJUTHBIX HIETOK M 3BE3/

B cpaBHEeHWH ¢ KOPOTKOACUCTBYIOIIMMH OOBEMHBIMHA B3aUMOICHCTBUSIMHU
JNAJIbHONEUCTBYIOIIAE BHYTPUMOJIEKYJISIPHBIC AJIEKTPOCTATUYECKUAE CHIIBI OKA3bIBAIOT
3HAUATENHHO OO0JIiee CIIOKHOE BO3JEHCTBHE Ha KOH(GOPMAIIUIO MOJHUAIEKTPOIUTHOM
3Be31bl.  KyJllOHOBCKO€  B3auMOJEWCTBME B  pacTBOpax  MOJMUIJIEKTPOJIUTOB
BCErJla OKAa3blBAETCSI SKPAHUPOBAHHBIM IOJIBUKHBIMU HOHAMHU, KOTOpbIE BCEr/a

IPUCYTCTBYIOT B pacrBope Julsi oOecledeHHs] DJIEKTPOHEUTPaIbHOCTH pacTBOpa
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[42-45]. N3nauanbHO 3HAYUMOCTH d(pPexTa HENMHEHHOW HSKPAHUPOBKH MAaJbIMHU
MOHAMHM M HX JOKaJIHW3alus B pPACcTBOpPAX CHIBHO 3apsKCHHBIX IOJHHUOHOB
ObplJla OIlGHEHAa Ha OCHOBE TEOPUU KOHJIEHCAIIMW KOHTPUOHOB ManHuHTa [46],
KOTOpasi OIKCHhIBAJIA SIBJIEHWE HEMOCPEACTBEHHOW KOHJIEHCALIMM KOHTPUOHOB Ha
MOJIMAJIEKTPOJIUTHYIO 1I€l1b, KaK TOJILKO €€ IUIOTHOCTh 3apsijia OKa3biBaJach BbIIIIE
OIIPEJEICHHOIO 3HAUYECHUS.

bymeM pa3nudarh MONHUAIEKTPONIUTHI ¢ (DUKCUPOBAHHBIMH 10 IETH 3apsaamMu
u pH-uyBCTBHUTENbHBIE TOMAIEKTPOIUTHI (COOTBETCTBEHHO CHIIbHBIC U clialObie). B
IIEPBOM Ciy4ae JOJIsi ¢ MOHU30BAaHHBIX MOHOMEPOB IIOCTOSSHHA W ONPEHECIACTCA
XUMUYECKON TMOCJIEeIOBAaTEIbHOCTEI0O MOHOMEPHBIX €AuHull B uenu. KoHcraHTa
MOHU3AllMM MOHOMEPHBIX €JWHUI] HACTOJIBKO Maljla, YTO CBOWCTBA OKPYXarOIIEH
MOJIMAJIEKTPOJIUT Cpelibl, Takue Kak pH, Hampumep, NMPAKTUUYECKU HE OKa3bIBAKOT
BJIMSIHUSL HA 3apsiJi TAKUX [OJIMJIEKTPOJMTOB. TUIIMYHBIE MPEICTABUTENA STOIO
CeMEWCTBa TMOJMAJIEKTPOIUTOB — YaCTUYHO CYIb(OUPOBAHHBIA  TOIHCTHPOI
WIM YacCTUYHO KBATCPHU30BAHHBIM MMONN(4-BUHUIMUPUINH) — COOTBETCTBEHHO
ITOJIMAHUOH U MOJIMKATHOH.

VY cnaboro moauAIEKTPOINTa, Y KOTOPOTO 3HAaUYeHWE P/ KOHCTAaHTHI MOHU3AIUU
Oonmu3ko Kk 3HadeHuto pH cpenbl, mOas 3apsHKEHHBIX MOHOMEDPHBIX 3BEHBEB (v
ONIPEAEIACTCS MOHU3ALMOHHBIM PABHOBECHUEM MEXKY 3BE3HbSIMU I10JMIJIEKTPOJIUTA
U MOHAMU BOJbl, TO €CTbh JIOK&JIbHbIM 3HaueHuem pH. s ciiyyas HOJMKUCIIOThI

YPaBHCHHUC HOHHU3AIIHMU €€ MOHOMCPOB BBIITIAAWUT CICAYIOIIUM 06pa30M

a(r) K
= : 4)
l—alr)  eno(r)
rie K — KOHCTaHTAa MOHH3AIMH OTJAENBHO B3ATOTO MOHOMEPHOIO 3BEHA,
pK = —IgK, ¢p,0+(r) — nokampHas koHueHrpauus uonoB HzO'. [lns

MpPOCTOTHl O0O3HAYMM Ty BEJIWYMHY dYepe3 H, Torga JOKalbHOE 3HAYCHHE
pH(r) ©ymer paBro —Ilgyp,o+(r). Tunmunsivm npencraBurensimu  pH-
YYBCTBUTEIBHBIX  MOJIMDJICKTPOJUTOB  SIBISIOTCSL  MOJMKHCIOTBI,  HalpUMeED,

IMOJIMAKPHJIOBAsA u IMOJIMMCTAKPHJIOBAsA nu IIOJIMOCHOBAHMA, HalpuMmeEp,
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OJIA(IUMETUIIAMUHOI TUIIMETaKPHJIIAT). Ecnm MOHU3AIHS MOJINKUCIOTHI
OCYIIECTBISIETCS 3a CUYET JICIPOTOHUPOBAHUA €€ 3BEHbEB, TO B Ciy4dae ¢
MOJIMOCHOBAHWEM OHA MPOUCXOAUT HA0OOPOT, MOCPEICTBOM WX MPOTOHUPOBAHWS.
[TpuHOMNHAIBHO 3TH JIBa CiIy4as HE OTJIMYAKOTCS, TaK 4TO, HE HapyIias OOIIHOCTH
JTAJTBHEUIIETO U3JIOKEHUS, OyJIeM CUMTaTh, YTO UMEEM JIEJI0 C TTOJIMKUCIIOTOM.
[IpumeuaresibHO, YTO Ui PA3BETBICHHBIX  IOJUAJICKTPOJIUTOB, KOTOPbIE
XapaKTEPHU3YIOTCA BBICOKOW BHYTPHMOJEKYIISIPHOW KOHIICHTpPAIIMEH HWOHU30BAHHBIX
MOHOMEPHBIX  €IWUHHUIl H, CJEeI0BaTeIbHO, BBHICOKUM BHYTPUMOJICKYISIPHBIM
ANEKTPOCTATHYECKUM MOTEHIIUAJIOM, 3HaueHre pH BO BHYTPUMONEKYISIPHOM OObeME
MOYKET 3HAYUTEBHO OTJIMYATHCS OT €ro 3HAYEHUSI B OKpy)Karouien cpene. bonee Toro,
W3-32 CBS3aHHOCTH 3apPsDKEHHBIX 3BEHBEB B IIEIOYKY JIOKAJIBHBINA JIEKTPOCTATUYECKHIMA
MOTEHIIMAJ CO3/[aBaeMblii MU BJIOJIb LIETIEH OKa3bIBACTCSl 3HAYMTEIIBHO BBIIIIE, YEM, B
cpeaHeM, BHYTPH 3Be3/bl. IPHEKT XUMUUYECKOU CBI3HOCTH MOHOMEPOB MOXKET ObITh
y4T€H BBeICHHEM >3(PPEKTUBHOW KOHCTAHTHI TUCCOITMAIINA MOHOMEPHBIX 3BEHBHEB
K.rr < K. B nocnenyromem 00CyXIe€HHH Mbl npeHeOpexeM 3TUM d(QdeKToM, a
TaKkKe, TOBOPsi 00 YEIMHEHHOW IOJUANICKTPOIUTHON 3Be3ne, Oyldem Ipeirnosiararh,
YTO BHYTPUMOJIEKYISIPHBIN DJIEKTPOCTATUUECKHUI TTOTEHIINAN o0nagaeT chepudeckon

CHUMMETPHEH, TO €CcThb 4TO Yy,0+(r) = wm,0+(r) U a(r) = a(r).

1.2.1. Jlokanu3anusi KOHTPHOHOB BHYTPH MOJIHIJIEKTPOJIUTHOI 3Be3bI

B  pasbaBmenHoM ~ 0O€CCOJIEBOM  pacTBOpPE  MOJUDJEKTPOJIUTHBIX  3BE3N
pacupeieseHue KOHTPUMOHOB B 3HAUUTEJILHOJN CTEHNEHU HEOJHOpoaHOo [42,47-51].
[TogoOHO CuNBHO 3apsiKEHHBIM KOJUIOMAHBIM YacTuliam [52] moJudIEKTPOIUTHbIE
3BE€3/1bl MOTYT MOJJIEPKUBATH BHICOKUHN JIOKAIBHBIN JIEKTPOCTATUYECKUN TTOTEHIUAIL.
Ero BenmmunHa MOXET OBITH CTOJIb BBICOKA, YTO JHEPIHs MPUTSIKEHUS] CBOOOIHBIX
MaJIbIX HOHOB OKa3bIBA€TCS BBIIIE, YEM UX TPAHCISIHMOHHAS dHTpomus. B pesynbprare
WOHBI TIPEANOYTUTEILHEE pPaCIHpEeaesaiOTCsS BO BHYTpPEHHEW dYacTth moimuoHa. B
OTJIMYME OT KIJIACCUYECKOM KOJUIOMIHOM YaCTHI[bI, MOJIMIJIEKTPOJIUTHAS 3BE€3/1a UMEET

A0CTATOYHO HHU3KYHK IIUIOTHOCTb PpacCIpCACIICHHUA €€ MOHOMCPOB, 4YTO IIO3BOJIACT
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JIOKaIM30BaTh OOJNBIIYI0 JOJ0 COOCTBEHHBIX KOHTPHOHOB BO BHYTPEHHEH ee
obnmactu. Haxomsce BHYTpHM 3B€3Abl, HMOHBI IMO-TIPEKHEMY HMMEIOT HEKOTOPYIO
CcBOOOMY, XOTSI MU OTPAHMYEHHYIO BHYTPEHHUM OOBEMOM 3BE3/bl, TAaK YTO CO3/AIOT
ocMoTHYeckoe gaBieHue. OCMOTHYECKOE [aBIICHHE BEIET K PaCTSIKEHUIO BETBEH
3BE€31lbl W, CIEOBAaTENIbHO, K YBEJIMYEHUIO OO0JAacTH, AOCTYIHOW JUIsl JIBHOKEHUS
MOHOB. PaBHOBECHasi CTPyKTypa B MTOr€ OIpPENEJseTCsl OaJlaHCOM MEXy CHJIOMH,
BO3HUKAIOIIEH B PACTAHYTHIX TOJIUMEPHBIX LEMNAX, U CUIIOH OCMOTHYECKOTO JaBIICHUS
KOHTPUOHOB.

Konnenmus nokamu3alyd KOHTPUOHOB BO BHYTpPEHHEW OONACTH KOJIJIOMIHBIX
MOJIMAJIEKTPOJIMTHBIX IETOK M B 3BE3[aX Hallljla CBOE MOATBEPXKIACHHUE, CHadaia
OCHOBBIBASICb Ha apryMeHTax Teopuu ckeismHra u mouenu Jlayna—Korrona [42,
47], a, 3areM, C WUCIOJb30BAHUEM AQHAIUTUYECKUX UM YHUCIIEHHbIX PaCyETOB,
OCHOBaHHbIX Ha ypaBHeHuu llyaccona—bonbumana [47, 49, 53]. IlozgHee craiio
SICHO, YTO JIOKAJIN3AIUs KOHTPHUOHOB U OCMOTHYECKOEe HaOyXaHHe CBOWCTBEHHO BCEM
Pa3BETBICHHBIM IOJIUMEpaM, MpuueM ITOT 3(P¢deKT HaOMomaeTcsl Mpu JA0CTAaTOYHO
BBICOKOM (KOHEYHOM) 3HAUEHWU IMapaMeTpa, XapaKTEePU3YIOIIETO pa3BETBICHHOCTH
[51, 54], Omaromapsi KOTOpOW BHYTPH MAaKpPOMOJIEKYJBI pealn3yeTcsi BBICOKas
IUIOTHOCTb 3apsiza, Takas, 4ro alN > R, /lp.

Mertonamu Monte-Kapno [56] u  mosnexynspHoii jguHamuku [57-60] Obuin
NOJIyYeHbl  YO€IUTENbHbIE MOATBEPKACHUS HPEANOUYTUTEILHON  JIOKAJIM3ALUKU
KOHTPHUOHOB BO BHYTpPEHHEH O0OJacTH TOJUAJICKTPOIUTHOM 3Be3nnl. bomee
TOTO, B Clly4ae, €CIM JIMHEWHas IUIOTHOCTh 3apsia Jydeil 3Be3/lbl JOCTATOYHO
BBICOKA, BO3MO)KHA KOPPEJALMS MEXKIY YITIOBBIM PacHpElEeI€HUEeM KOHTPHUOHOB M
MOJIOXKEHHEM BETBEHl 3Be3Nbl. 10 €cTh, OINpEAEIEeHHOE KOJUYECTBO KOHTPHUOHOB,
HAXOJSIINXCS BHYTPU 3BE3/Ibl, KPOME TOTO JIOKAJIMU3YIOTCS B HEMOCPEIACTBEHHOU
OJM30CTH K TMOJUMEPHBIM LEMSM, TEPsisi MPU ATOM TPAHCISIIIUOHHYIO DHTPOIUIO.
Ortor addext anamormdeH dSPPekTy KIacCHUECKOM KoHAeHcannn MaHHHHTA
KOHTPUOHOB HAa CUJILHO 3aPSDKEHHYIO JIMHEHHYIO MOJUANIEKTPOIUTHYIO EToUKy [46].

Tunu4HbI CHUMOK MTIHOBEHHOW KOH(OpMAIM{ IMOJMAJIEKTPOIUTHONU 3BE3IBI C €€
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Pucynok 4 — CHUMOK MTHOBEHHOW KOH(OPMAIIMH MOJUAIEKTPOIIUTHON 3BE3/bI U3

M =5 nyueit mo N = 50 MOHOMEPOB U CTENEHbIO MOHU3AIMUA = 1 B3AT U3 [55].

KOHTPHUOHAMHM NpHUBeAcH Ha PucyHke 4, rae MOXHO BHU3yallbHO Ppa3IMYHUTh TPH
BO3MOJKHbIE COCTOSIHUSI KOHTPUOHOB: KOHJEHCUPOBAHHbIE BO3JIE JIyueld, 00aaaromnue
TPAHCISIIMOHHON CBOOO/I0M, HO JIOKAJIM30BAaHHBIE BO BHYTPEHHEM OObEME 3BE3/Ibl U
HE CBSI3aHHBIE CO 3BE3/I0M CBOOOIHBIE KOHTPHUOHBI.

bnarogapst Jiokasu3anuMuM KOHTPUOHOB, KOH(poOpmanuu 3Be31000pa3Hbix (1
Pa3BETBIEHHBIX) IMOJIMHOHOB C 3aKaJeHHBIM 3apsiOM OKa3bIBAIOTCS MPAKTHUECKU
HE BOCHPUHMMYHUBBI K [00aBIEHHUIO B pacTBOP COJM BIUIOTH JIO JOCTaTOYHO
BBICOKHMX 3HAYEHUH ee KOHIEHTpaluuu. Takasi BO3MOKHOCTh MaKpOHOHA 00€CIIeUrBaTh
HEM3MEHHYI0 KOHLEHTPALMIO COJIM BO BHYTPEHHEH 00JlacTh cama 1o cebe MHTepecHa
B IIPUKJIAHOM IJIaHE (Hampumep, B pa3paboTKe HAHOPEAKTOPOB U HAHOKOHTEMHEPOB

JUISl IEPEHOCKU OMOJIOTUYECKH aKTUBHBIX MOJIEKYJI).
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B ornmume OT 3Be3n M3 3aKaJE€HHOTO IMOJHMAIEKTPONHTa (C TMOCTOSHHBIM
3apsiioM), CTENEHb MOHM3AIUA OTOXOIKEHHOM 3BE3/Ibl CUJIBHO 3aBHUCUT OT JIOKAJbHOM
KOHIIGHTPAIIUW WOHOB THIPOKCOHWUS BO BHYTPEHHEW oOJacTM MakpowoHa. OJTa
KOHIIEHTPAIUSI MOXET CHUJIbHO OTJIMYAThCS OT TOW, KOTOpasi UMEETCS B PACTBOPE.
JlobaBneHne B pacTBOp COJM MPUBOAWT K BHITECHEHWIO W3 BHYTPEHHEW o01acTu
3Be31bl MOHOB H3O™ nosoxkurensubiMu MoHamMu Na'. YMmenblueHue KOHLEHTpaLUuu
noHoB H3O" mpuBOOMT K YBEIMYEHHUIO CTEIIEHH HMOHU3AIMH JIyuei 3BE3IBI, a,
CJIeIOBaTeNbHO, M K YBEIMUYCHHIO €€ pa3MepoB. TakuM oOpa3om, MOIydaeTcs, YTO
3B€31bI M3 CIA00ro IOJUANEKTPOJIUTa UMEIOT CIEeNU(PUYECKOe CBOMCTBO, KTOpPOE
MPOSIBIISIETCSI B HEMOHOTOHHOMW 3aBUCHMOCTH X pa3Mepa OT KOJIUYECTBA T00aBICHHON
B pactBop coiu [48,50,61].

YOenurenbHbie IKCIIEPUMEHTAIBHBIE JTOKA3aTEIbCTBA JIOKAIU3AIMA KOHTPUOHOB
BHYTPU TOJIMIJIEKTPOJIUTHON 3Be3/ibl ObLIM HAWJIEHbI C TMOMOIIBI HU3MEPEHUS
OCMOTHYECKOTO JaBJIEHHUS pa30aBICHHOTO OECCONEBOTO pacTBOpa 3BE31000pa3HOTO
MOJIMAIEKTPONUTA [62] M KOJITOMAHOM TOMMAIEKTPOIUTHOM meTkH [63,64]. B padote
[65] ¢ mOMOIIBK HU3MEPEHUsT IPOBOJMMOCTH PACTBOPA HCCIIEIOBAIOCH SBICHUE
KOHJEHCAIIN COOCTBEHHBIX MOHOB ¥ HOHOB COJIM B MUIIEIIJIaX U3 TUOIOK-COTOIMMEpa

MOJIUMCTUIIMCTAKpHUJIaTa 1 HOHHMeTaKpHHOBOﬁ KI/ICJIOTLI).

1.2.2. «<Box» MoaeJib MOJHIJIEKTPOJUTHOM 3Be3Ibl

[lycte monmdnexkTponuTHas 3Be3na u3 M nydeirt mo /N 3BEHBEB HAXOAUTCS B
nentpe cdepnsl pamuyca D > R, kak noka3zano Ha Pucynke 5. Hekotopas mosns
(' MOHOMEPHBIX 3BEHBEB 3BE€3/Ibl HECET 3apsijl, PaBHbIA BEJIMYMHE DJIEMEHTAPHOIO
3apsna e. B suelike HaXOaUTCS €111e KaKk MUHUMYM TaKO€ KOJTMYECTBO OJHOBAJICHTHBIX
HMOHOB, KOTOPOE€ HEOOXOAUMO JJISI KOMITEHCAITMH TTOJIHOTO 3apsi/ia MOTUIEKTPOITUTHOM
3Be3nsl () = aeM N. Kpome Toro, B siueiiky MOTyT ObITh JA00ABICHBI MOHBI COJIH.
KonnenTpamuu moHOB BHYTpHW 3Be3dnsl, B obmact 0 < r < R, W CHapyxwu, B
obomactu R < r < D BooOme roBopst paznuyarorcsi. CylmiecCTBEeHHBIM B JIAaHHOM

MOACIIN SABJISICTCA HAJIMWM4YHC I[OHOJIHHTCJIBHOﬁ, BHEILIHEW 110 OTHOLIEHHUIO K 3BC31C
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PucyHnok 5 — AHMOHHAsI MOJUIIEKTPOIUTHAS 3B€3/a U3 1IECTU JIyuel paguyca R B
pacTBOpe OMHO-OTHOBAJIEHTHOTO AJIEKTPOJINTA B CHEPUUECKOMN IIMEKTPOHEHUTPATHHOM

sueiike paauyca D. Kaptunka B3sra u3 [45].

obmactu. Pazmep »Toit 06macTu AOMKEH OBITh TOCTATOYHO OOMBIION IS TOrO YTOOBI
KOHIICHTpAIMS MOHOB Ha Kparw sS4YeHKd, r = [, cpaBHANACh C UX KOHIICHTpAIlueH B

cpene (BIajiu OT KaKUX-Tu00 MaKpOUOHOB).

Meton cpeanero mousi. «Box»-MOAENb TMOJUDICKTPOIUTHOW 3BE3IBI MOMKET
OBITh paccMOTpeHa Kak OOOOIIEHHE KIACCHYECKOTO CPEIHEIOJIEBOro IOaX0/1a
®nopu, KOTOPbIA OBLT HW3HAYaNbHO TMPEUIOKEH [JIs1 ONUCAHWS HaOyXaHUs
MOJIMMEPHOU 1IEMOYKH B Xopoiiem pactBopurene [66]. Teopust @nopu 1aeT OLEHKY

PAaBHOBECHBIX Pa3MEPOB MAKPOMOJIEKYJIbl KaK (PyHKI[MU €€ mapaMeTpoB IMOCPEICTBOM
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Oalanca BHYTPUMOJICKYJISIPHBIX B3aUMOACHCTBUM, PACTATHUBAIOIIMX II€Mb, U MOTEPh
KOH(GOPMAIIMOHHOW SHTponuu HalOyxmed nenu. B mnpubmmkennn «box»-momenn
3BE3/1a XapakTepuzyercss Ju00 paguycoM ee KOpOHbI R (pacCTOsSTHUEM MEXITy
KOHIITAMH JIydel 3Be3/bl), JIMOO CpeIHEed BHYTPUMOJIECKYISIPHOW KOHIIGHTpAIUEH ee

MOHOMCPHBIX 3BCHbLCB.

3 MN
4 R3O

CBO6OZ[H3$I OHCPIHUsi HOJIPIBJIGKTpOJIHTHOfI 3BC3/1bI COCTOUT M3 YCTHIPCX BKIIAA0B!

2

F:Fconf+Fev+Fel+Eons- (5)

IlepBpIii uneH mpencTaBiIseT cOOOW TOTEepr0 KOH(GOPMAIIMOHHOW HHTPOIHH OT
OHOpOAHOTO pacTsokeHust M uemnei (oTHocuTenbHO UX ['aycoBoro pasmepa, R >

aNl/Q)

Eoone/kpT = M =M
s/ks 2Na? 2Na?

rne kg — nmocrossaHas bormbnmana. CBoOomHAS SHEPrus 0O0bEMHBIX B3aUMOICHCTBUI

3R> 3 /3NM\?*?
47 p ’

3a4aCTCsA 4CPC3 BUPHUAIIBHOC PA3JIOKCHUC!
Fo/kpT = MN (vp 4+ we?).

B orcyrcTtBue 3apsnoB WM NpU HU3KOM CTEIIEHW HWOHU3ALMUU JIy4E€d 3BE3bI
ee KoH(popMmanus oOycioBiIeHa OaJaHCOM MEXIy JAByMs II€PBbIMH 4YJ€HAMU B
ypaBHEHHUH 5 (a2 MMEHHO KOH()OPMAIMOHHOM SHTPOIIUH PACTSHKEHUSI 1IENIEN U SHEPTUU
KOPOTKOZEHCTBYIOLIMX B3auMOJENCTBUI). B pesynbrare pasmep 3Be3ubl 3aaercs
BeIpakeHHeM 3. To ecTh, MBI TPHUXOAUM K TAKOMY JK€ BBIPOKCHHIO IS paauyca
3BE€3bI, Kakoe ObLIO IMOJTYyYEeHO OCHOBBIBasCh, Ha OmoOHON Momenu. dusnmyeckas
IPUYMHA TAKOTO COBIAJEHUS BBHIPAKECHHM, MOTYYEHHBIX HA OCHOBE TEOPHUU CPEIIHETO
IOJIL ¥ TEOPUH CKEIIMHTA, 00CYKIaeTcs MoaApoOHO B [24].

JlBa mocimemHmx — ciaaraeMbpix B (opMysie 5 ONHWCHIBAIOT  DHEPTUIO

IEKTPOCTATUUECKUX B3aUMOAEHUCTBUM Fi; W DHTPONUIO paclpelesieHrus HOHOB

FZL'OTLS'
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1.2.3. Baiusinue uoHHoii cuiibl 1 pH pacTBopa Ha koHGopManuu

HOJIHBJIGKTpOJIPITHOﬁ 3B€3/1bI

bynem chauama cuutarh, 4TrO0 B SYEHKY HE J00aBIE€HO HWKAKOW COJIM, W
TOJILKO COOCTBEHHBIE KOHTPHOHBI YYaCTBYIOT B JKPAHHPOBKE HANHHOIEHCTBYIOIINX
ANEKTPOCTATUYECKUX MOTeHIHANOB. IIyCTh v — IONSA DIEKTPUUYECKH 3apSIKECHHBIX
MOHOMEpOB 3Be3/1bl. Ecin Benmuunna Breppymosckoit jmunbl [p = 2 /ekpT Toro xe
MOPsiJIKa, 9TO W pa3Mep MOHOMEPHOTO 3BEeHa a, TO YCIIOBHE claboi 3apsaku o < 1
3BE€3/IbI 0O3HAYAET, YTO MOXKHO TIPEHEOPEUh YBEIIMUCHUEM JKECTKOCTH IETTIOYKH 32 CUET
BHYTPULIEIIHbIX B3aUMOJICUCTBUN MEXKy OJJHOMMEHHbIMU €€ 3apsaamu [67].

B 3aBucumMoCTH OT TOro, Kakoil BKJIaJl B CBOOOJIHYIO DHEPrUI0 B BBIPAKEHUM S
SBIISIETCSL TIPE0OAaAloMIUM, TOMHUANIEKTPOIUTHAS 3BE€37la MOXKET MpeOBIBaTh B TPEX
pexKuMax.

Ecnu 3apsan 3Be31bI B O€CCONEBOM PAcTBOPE JAOCTATOYHO Mall, T.€. BBIIOJHACTCS
yeiosue M < o Y?a/lp, TO BenmMuUMHA OIEKTPOCTATHYECKOTO IIOTEHIMAIA
BHYTPH 3BE€3/Ibl OKA3bIBAETCS HEAOCTATOYHOM JJIsl YJIEP)KUBAHUSI KOHTPUOHOB BHYTPHU
3Be3abl (T.H. IluHkycoBckuit pexkum [42]). Tak 4TO BCE€ HMOHBI pacnpeesieHb
OJIHOPOJIHO IO PACTBOPY M MX DHTPOIUEH MOXHO npeHeOpeus. Kpome toro, anvHa

skpaHupoBku Jlebas rp = (ZB¢S)—1/2

, TIe (s — KOHIIGHTpallWsl BCEX HOHOB B
pacTBOpE, OKa3bIBAETCS IMPH 3TOM OOJbINE paauyca 3Be3ibl, T03ToMy KyrmoHOBCkOE
B3aMMOJICUCTBHE MOXKHO CUMTATh HE3adKpaHUPOBaHHBIM. B sToM ciiydae sHeprus

BIIEKTPOCTATUYECKUX B3aUMOACUCTBUN

ZB(CYMN)2
R

YPaBHOBEIIMBAETCS DHEPIHMEH DNAaCTUYHOIO [, ; pacTsikeHus N 1memed 3Be3[bl.

Fel/kBT ~

IIpu >TOM BSHEprueil CTepuueCcCKUx B3aUMOICUCTBUHN [, MOXHO mpeHeOpeub. Jlyun
3B€31bl B OTOM CIIy4a€ OKA3bIBAIOTCSA ONHOPOAHO PACTSHYTHI, U Pa3MeEp €€ 3aJacTCA

BBIPAXKEHUEM

R aN (a’lg/a)"’ M3, 6)
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Ecnm snexTpudeckuil 3aps 10CTaTOYHO OOJBIION, ISl TOTO, YTOOBI YAEPKUBAThH
KOHTPUOHBI BO BHYTpeHHeM €€ oOwbeMe, TO ecTh, eciu M > ofl/Qa/lB, TO
3Be3Jla HAXOAUTCS B T.H. OCMOTHYECKOM pEKHME, W, UCXOAS H3 TEOPETHUECKUX
pe3yJIBTAaTOB, TIPEICTABIICHHBIX BBIIIE, CIEMAYET, YTO BHYTPHUMOJIEKYJSIPHBIN
o0beM 3Be3Abl IO CYILIECTBY SIBISIETCA OJJEKTpoHeWTpanbHbiM [47, 49, 53].
KoHTproHBI 3Be31bIl NPEUMYIIECTBEHHO pAaCIOjararoTCs BHYTPH Hee Jaxe,
€CIH OHAa HAXOIHWTCSA B pa30aBleHHOM OeccoileBoM pacTBope. Kpome Toro,
ecnu BHYTpeHHss1 JleGaeBckas mmHA, OmpenenseMasl KOJIMYECTBOM CBS3aHHBIX
(BHYTPEHHHMX) HOHOB Tgn) >~ (IgMaN/R?) 72, ucnone3yercs Kak BepXHAS
OIlCHKA JUIMHBI BHYTPUMOJICKYJISIPHOTO  JIEKTPOCTATHYECKOTO SKPAaHUPOBAHWS,
MOKHO 3aKJIFOUYUTh, YTO JUISl 3BE3JIbI B OCMOTHYECKOM PEKHME IJICKTPOCTATUUYCCKHE
B3aMMOJICUCTBUSl DKPAHMPOBAaHbI HA PACCTOSHUSX MHOIO MEHBIIHMX, Ye€M pa3Mep
3Be3abl [, CrnepmoBarenbHO, JETalIbHBIM aHajlinu3 KOH(OpMalui MHOTOJIY4YEBBIX
3B€31000pa3HBIX MOJIUAIEKTPOIUTOB MOXKET OBITH IMPOBEJEH C MCIOJIb30BAaHUEM T. H.
npuOIMKEHUsT JIOKaIbHOU anekTponetpanbHoctn (LEA). B srom npubmmkenun
wieH F,; B ypaBHEHUH 5 MCUYE€3a€T, U OCHOBHOM BKJIaJl B CBOOOIHYIO YHEPTUIO 3BE3/IbI

OCYHCCTBIACTCA 3a CUHCT OHEPIMU OJIACTUUYCCKOIO PACTAXKCHUSA JIy‘-IGfI H TOTCPH

OHTPOIINHN CBA3AHHBIX KOHTPHUOHOB

3aM N

MunHuMH3anusi MOTHOM CBOOOAHON HHEpruu Mo [ maeT BO3MOXKHOCTH OIEHUTHh

HOJHBIN pa3MEp 3B€34bl B OCMOTHYCCKOM PCIKUME
~ qNa'/?. (7)

B srom ciyuae, B omiMuue OT HEUTPAJIbHOM 3BE31bl U 3Be31bl B [IMHKyCOBCKOM
pexnMe, pasMep 3BE31bl HE 3aBUCUT OT KOJIMYECTBA JTy4EH.
Eciu B pacTBOp 100aBUTH MOHBI MOHOBAJIEHTHOM COJH, MOJHAs KOHLEHTpaIUs

BCEX HMOHOB (MOHHAs CHia) B cpene (CHapyku 3Besmsl) ¢ = 3 7" Gyner
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onpenensaTs AnuHy JlebaeBCKoro sKpaHUPOBaHUS B Cperle:

g = (rlppin) 2

Oddekr BIHUAHUSA COMM Ha KOH(OpPMAIIMW MHOTOTYYEBOW MOIUIIEKTPOIUTHOMN
3BE€31Ibl CTAHOBUTCS BBIPAXCHHBIM, Korha anuHa Jlebas B cpeme mpuOIMKaeTcs K
CBOEMY 3HAYCHHUIO BHYTPH 3Be3ibl. MHaue TroBOpsi, KOIJa KOHIICHTPAIlMd WOHOB B
cpele W B 3BE3JC CTAHOBSTCS OJHOIO IOPSIKAa, W Pa3HOCTh MX OCMOTHYECKHUX
JaBJICHUI NpUOMKAeTCs K HyJa0. B 2ToM ciiydae roBOpsST O 3BE3[€ B COJIEBOM

pexume [48].

1.2.4. Pa3mepsl 3Be31bI 1 MOHHAS CHJIA

3Be3bl ¢ MOCTOSTHHBIM 3apsiioM. JIJisi pa3MepoB 3BE31IbI U3 MOIUAICKTPOINTA
C TIOCTOSIHHBIM 3aps/IOM B O€CCOJIEBOM aTepMHUYECKOM PaCTOBPE, B MPUOIIKCHUH
«box»-MOIIeNIn CKEHIMHIOBAas 3aBHCHUMOCTH Oblla HaljgeHa B padore [47] (cwm.
ypaBHeHue 6 u 7).

IToka KOHIIEHTpallds COJIM  Maja, KOHTPUOHBI 3BE3Ibl  pacipeielieHb
IIPEUMYIIIECTBEHHO BO BHYTPEHHEH ee o0acTu, obecreunBasi 2JIeKTPOHEUTPaIbHOCTh
ee oObema. JloOaBieHwe B pacTBOpP COJMM HE HPUBOAUT K H3MEHEHUI0 HOHHOU
CUJIBI BHYTPH 3BE3IIbI, TOITOMY €€ pa3Mep OCTaeTCsl MOCTOSHHBIM (OCMOTHYECKHIA
pexuM). Korma koHIEHTpalus COld B Cpele JOCTUTHET 3HAUYCHUs, COM3MEPHUMOTO
CO 3HAUCHHMEM MOHHOMW CHJIbI BHYTPH 3BE3[Ibl, JaJbHEUIICE €€ YBEIMUCHUE TPUBOAUT
K TOMY, YTO WOHBI COJIM HAYHYT MPOHHUKATh BHYTPb 3BE3IbI, YMEHBIIIAS TEM CAMbIM
Pa3HOCTh OCMOTHYECKUX JaBJICHWW MOHOB BHYTPHM M CHapyXu 3Be3nbl. [Ipu 3TomM
3Be3/la MEPEXOAUT B COJICBOW pekuM. Pa3HUIla B OCMOTHYECKOM JIaBJICHUH WOHOB
CTAHOBUTCSI PABHOW JIABJICHWIO, CO3/1aBA€MOMY OWHApPHBIMH B3aUMOJCUCTBUSMHU
MEXIy MoOHOMepaMH C J(G(EKTUBHBIM BTOPHIM BHPHAIBHBIM KO3 HUIIEHTOM
Veff = a?/2p,. B pesynbTare I0Jy4aeTcsi TAKOE JKe CKEMITMHIOBOE COOTHOIICHHE JUIS

pa3Mepa MOJMAIEKTPOIMTHON 3BE3/Ibl, KAK W JJISI HEUTPAJIbHOM 3BE€3IIbI B XOPOIIEM
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pacTBOpUTENE (CM. YPaBHEHHE 3) € 3aMEHOH U — V!
R~ CI,N3/5M1/5(CY2/CL3QOS)1/5. (8)

Takum 00pa3oM, MbI IPUXOUM K TOMY, YTO pa3Mep MOJIUIIEKTPOIUTHON 3BE3/1bI
R B coileBOM peXHME YMEHBILAECTCS C POCTOM KOHLUEHTPALMH COJIM B CpEele Kak
%—1/ ° JlanbHeninee yBEINYEHHE Q¢ BEAET K JONOJHUTEILHOMY YMEHBUIEHHUIO Vcf .
Kornma veyy craHOBUTCS OJHOTO NOPsAKA C OOBIMHBIM BUPHAIBEHBIM KOO()(OUIIMEHTOM
v, pasmep R npubnuxaercs K pa3Mepy HeUTpaiabHOU 3Be3/bl (ypaBHEHUE 3).

Wrak, 3aBUCUMOCTb pa3Mepa 3Be3/bl M3 IMOJMUDJIEKTPOJIUTA C IOCTOSHHBIM
3apsAOM OT (g COAEPIKHUT IUIaTO MPU Majioil KOHIIEHTpanuu coiu (ToKa 3Be3za
HAXOJIUTCS B OCMOTUYECKOM PEXHUME), YMEHBILIAETCS B COJIEBOM pEXHUME Kak [ ~
~1/5
S

Ys ', 1 NpUONMIKAETCS KO BTOPOMY IUIATO MPU BBICOKOW KOHIICHTPAIMU COIH (B

KBa3MHEUTPAIBHOM PEXKUME).

pH-uyBcTBHUTENBbHBIE 3Be3dAbl. B ommune OT MOHOTOHHOIO YMEHBIIEHUS
pa3sMepoB 3BE31bI C TOCTOSHHBIM 3aPsI0M IIPU POCTE KOHLUEHTPALIMHU COJIH, [IOBEACHUE
3Be3bl U3 pH-4yBCTBUTEIHHOIO MOJIMAIEKTPOIUTA OKA3BIBAETCS OO0JIEE CIOXKHBIM.
Kak yxe 00cyk1anoch, MOHM3aIMOHHOE PABHOBECHE MOJIMMOHA CBSI3aHO C JIOKAJIbHOMN
KOHIIEHTpaIMe MOHOB T'MAPOKCOHUS (JOKaJIbHBIM 3HaueHueM pH) B cooTrBeTcTBUM
c ypaBHeHueM 4. JlokanbHOe 3HaueHue pH BHyTpM aHMOHHOW, HapUMeEp, 3BE3/bI
BCErJa MEHbILE, YEM B CPEl€, U CTENEHb MOHU3ALUUU (vj;, €€ MOHOMEPHBIX 3BEHBEB,
CJIeI0BaTeIbHO, MEHBINE, YeM Moriia Obl OBITh y CBOOOIHBIX IENEH B CPEAC oyt
IIpu sTOM m0GaBiIeHHe B PacTBOP COJNM MPHUBOAUT K 3amenieHuto HoHOB H3O™' Bo
BHYTPEHHEN YaCTU 3BE3Jbl IOJOKUTEIBHBIMA HMOHAMM COJNM. TaKk Kak IpPU ITOM
yBeJInuMBaeTcs 3HaueHue pH;, BHyTpW 3BE€3lbl, TO U CTEIEHb MOHU3ALMUU 3BE3JIbI
Qi PACTET A0 TEX MOp, MOKa 3HadyeHus pH BHyTpHM M CHapyXu He cpaBHsIOTCA. B

IPUOIMKEHUN JIOKAJIbHON DJIEKTPOHEHUTPAJIbHOCTU CPEIHSSI CTEIEeHb MOHU3ALMMU «
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CHJIBHO PA3BETBICHHOM 3BE3/bI MOTYYaCTCs PAaBHOM:

aguta6N4M_290za OéothO/gOS > 17

112

)
Aoyt Oéout@/sps < 17
TJI€ (lpy; — CTENEHb HWOHU3ALUMM TOJUAIEKTPOIUTA TPU CTPEMSILECHCS K HYIIIO
ero oOobeMHOW none, npu 3agaHHoM 3HadeHun pH cpenpl. OTcroma, Mpu HU3BKOM
KOHUEHTPALIMU COJIU Qg CPEAHSSL CTEIIEHb MOHU3ALUUM MOHOMEPOB B 3BE3JIE SIBISETCS
yObiBaronieit pynkuuent uucia ayueit M u pacryumei GyHkuuei p,, aCUMITOTUYECKU
IPUOMIIKAIOIMIASACS CHUBY K gyt

Takum 00pa3oM, ¢ OJHOI CTOPOHBI 100ABJIEHWE COJM MPUBOIUT K YBEIUUYECHUIO
CTEIICHW WOHM3AlMKA 3BE3Abl, a C JPYrod — K YCWICHUIO DJKPAaHUPOBKH
ANEKTPOCTAaTHUECKNUX B3aumoiericTBuil. KoHKypeHus 3tTux AByX 3G (GeKTOB MPUBOAUT
K TOMY 4TO 3aBUCHUMOCTb [R,(yps) y pH-4yBCTBUTENBHBIX 3BE3 OKa3bIBACTCS
HEMOHOTOHHOM.

Ha Pucynke 6(a) n3o0pakeHa cpemHsis CTEIeHb HOHM3AIuu pH-4yBCTBUTETHHOMN
3B€37000pa3HON MOIUKUCIOTHI C PA3TUYHBIM YHCIOM BETBEM KaK (PyHKIHS Pa3HOCTH
sHaueHud pH cpeast m pK xucnotHeix rpynn. M3 Pucynka 6(a) BHAHO, YTO
KPUBbIE TUTPOBAHUS CBUTAIOTCS B CTOPOHY OouiblnX 3HaueHuil pH npu yBenuueHuu
kosinyectBa Jydeil. COOTBETCTBEHHO, INPHU HHM3KOM WOHHOW CHJIE pa3sMep 3BE3[Ibl

R = aNa'/? (ypaBrenune 7); ¢ y4eTOM MOHH3YEMOCTH LiEIIeH T10IydaeTcs
R2a*N3M Y opurps,  ourp/ps > 1.

Takum o00pa3oM, Teopusi MNPEIACKA3bIBAET JMHEWHBIM POCT Pa3sMEpPoB 3BE3/bl C
KOHITGHTpAIMeld CONMM B cpele B 00JIacTH HHU3KUX €€ 3HaueHHH (B OCMOTHYECKOM
pexume).

Korma nokaneHOe 3Hauenue pH;, mpubmmkaercs k pH,,: B cpene, a = oy =
const, pazmep HaOyXIIero TMOJIWHUOHA JOCTHUTAaeT Makcumyma, R = alN (ozout)l/ 2,
Cam xe JyokalibHbI pH panblie He pacTeT, Tak 4YTO W 3apsiji 3BE3/bl OCTAETCH

OCTOAHHBIM. Ilpu JnanbHEWIIEM YyBEIMYEHUH (g NOBeAeHUE pH-uyyBCTBHUTENBHOU
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100_ T ||\|||| T \|||\|| T T |\|||\‘ T l|||||| T T ||\|\|_
- (6) (PH.p)=(7,20) ]
(6,100) |

20

1[] L III\IIII 1 I\IIHII 'I II\III\‘ 1 IIIIIIII 1 L1 1Ll
1077 107° b 1073

Pucynoxk 6 — (a) Cpeansisi 105151 IMCCOUMUPOBAHHBIX TPy (v KaK (PyHKIMSI pa3HOCTH
Mexny pH pactBopa u 3HaueHUEeM p/ KHUCIOTHBIX TPYHIl. p — KOJIUYECTBO JIyUed B
3Be3ne, N = 200. 3Be3na Haxomutcs B O-ycnoBusix. MonHas cuna ¢, = 107°
(crutomHble TMHUK) U @, = 107 (myHKTUpHBIE TUHUK). (6) Paszmep 3Be3bl U3
OTOXOKEHHOTO TOJUANIEKTpoauTa Kak GyHkuus nonnou cuibl 11 N = 200, pK = 6
B -ycioBusix. 3nauenue pH paBHo 6 mium 7, v KoJimuecTBO BeTBew p — 5, 20, niaun

100. O6a rpaduxa B3siTbl U3 [68].

3B€3/lbl CTAHOBUTCSI AHAJOIMYHbIM IIOBEJCHUIO 3BE3Jlbl C IOCTOSIHHBIM 3apsijioM. B
oboux ciydasx pasmep R yMeHbBIIAeTCs C AANbHEHITNM pPOCTOM (o, Kak R~
apgl/ " n NpUOIMKAETCS K TUIATO B KBa3WHEUTPAILHOM PEXUME MPH OY€Hb BBICOKOU
KOHILICHTPAIUU COJIH.

HeMOHOTOHHYIO 3aBHCUMOCTH pa3mepa pH-4yyBCTBUTENBHOW 3BE€3IbI  OT
KOHIICHTPAIIMU COJIM B PacTBOpEe MOXHO BHUAeTh Ha Pucynke 6(0), rime mpuBeneHa
BEJIMYMHA I[I€PBOI0 MOMEHTA pacHpee/IeHUs] KOHLIEBbIX CErMEHTOB MLEneu s
pa3iauuHbiXx 3HaueHud pH cpenbl U KonmuecTBa Jiyyend B 3Be3je. OTMETUM, 4TO
KpOME€ HEMOHOTOHHOM 3aBUCHMOCTH pa3Mepa 3BE€3J OT KOHIIEHTPAIUHA COJIM UMEETCA
HEKOTOPBIM MHTEPBAN 3HAYEHUU 5, B KOTOPOM HEMOHOTOHHA TaKX€ W 3aBUCUMOCTH
pasmepa 3Be3[bl OT KOJMYECTBA COCTABIAIONIMX €€ JIydyed. ITa HEMOHOTOHHOCTH
CBsI3aHA C TEM, YTO MPU OJTHOM U TOM K€ 3HAYEHUHU KOHIIEHTPAIMU COJIM MOBEICHUE

3B€3] C MCHBIIMM 4YHCIIOM JIy‘-IGfI XapaKTCpHO I TMOBCACHHA 3BC3J] B COJICBOM

PEKHUME, B TO BpEMA KakK Oosee Pa3BCTBICHHBIC 3BC3Abl OCTAOTCA OCMOTUYCCKUMM.
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O¢ddexT HEMOHOTOHHOCTH KOHIIEHTPALMOHHOW 3aBUCUMOCTH pa3MepoB pH-
YyBCTBUTEJIBHOIO PA3BETBICHHOIO IOJUAIEKTPOOIUTA — SBJICHHE XOPOILO U3BECTHOE.
OHO OBIJIO TEOPETHUYECKH TMPEACKAa3aHO Jis ciaydasi 1iockod pH-uyBcTBUTENBHOM
HIETKU B XOpolileM pactBopuTesie B [44] 1 BIIOCIEACTBUY MTOATBEPKAECHO YUCITCHHBIMU
pacyeTaMu METOJIOM CaMOCOTIacoBaHHOTO mojisi B [69]. B pabore [50] uncnenHbM
MeToaoM A3TOT d(PdekT Obl1 nmpoaeMOHCTpUpOBaH Ha pH-uyBCTBUTENBHOU 3Be3ze
B #-pactBopuTene. DPpheKT HEMOHOTOHHOCTH 3aBUCUMOCTH paguyca HHEPUUU OT
KOHIICHTPAIIUU COJH B pacTBOpe ObUT OOHAPYKEH W DKCIEPUMEHTAIBbHO B KOPOHE
KMHETUYECKHA 3aMOPOXKCHHOM MHIIEIUIBI C Iy9aMH U3 JUOIOKCOMOIUMEPa MOJTUCTHPOI

— MoJuMeTaKpuioBas kuciora [70].

1.3. IByx(¢)a3HOCTh B MOJHMIJIEKTPOJUTHBIX 3B€31aX U MIETKAX

Paccmorpum, uro mnpomcxomut ¢ pH-4yBCTBUTENBHOM IMONMMANEKTPOIMTHOM
3BE€3/I0M NpPU TOMELICHWH €€ B IUIOXOM pacTtBopurteib. B 3ToM ciiydae 3Be3na
craHoBuTCs am(uduibHOM, OyIy4d OIHAKO TOMOTOJMMEPHOH. JIBe B3aMMHO
IPOTHUBOAEHCTBYOUIME CUIIbI OIIPENEIISIOT KOH(DOPMALMIO 3B€3/1bl B BOJAHOM PacTBOPE.
I'uapodoOHOCTH 3acTaBisieT 3BEHbsS CIMIATHCA APYT C APYrOM U H30eraTh KOHTaKTOB
C MOJIEKYJIaMU PAaCTBOPUTENIS, UTO BEAET K CXKATHIO (KOJUIAICY) MOJUMEPHBIX IeTei.
DNeKTPOCTaTUYECKUE CUIIBI BEIYT, HAOOOPOT. K HAOyXaHUIO 1eNeil.

Kax yxe ynmomuHanocs BO BBeaeHuu, Hammume 3THX JIByX MPOMBOAECHCTBYILINX
CHUJI MPUBOJUT K TOMY, YTO KOJUIAIICUPOBAHHOE U Halyx11ee cocTossHUs aMm(puPriibHOMI
MOJIMAJIEKTPOJMTHON CHCTEMbI OKAa3bIBAIOTCSl Pa3/ielIEHHbIMU (PA30BbIM IIEPEXOJOM
uiu (pa3oBoil rpaHulEld, HA KOTOPON MPOUCXOJUT CKAYOK IMOJIMMEPHOW IUIOTHOCTH
[71, 72]. BsiOop paBHOBECHOTO COCTOSHHUS OIPEACIASTCS XapaKTePUCTUKAMU
pacTBOpuUTENsl, a HMMEHHO, KOHLEHTpalueil uoHoB ruapokconus (pH cpenbl)
U KOHIIEHTPALMEH MOJABHKHBIX HOHOB ;. B IPOCTPaHCTBEHHO HEOJMHOPOIHBIX
CHUCTEMax, TaKuX Kak, HalpuMep, MOJIMMEPHBbIE MIETKA WJIM 3BE3[bl, ITH CBOWCTBA
pacTBOPUTEJNSI CTAHOBSITCS CBOMCTBAMM JIOKAJILHOTO OKPYXE€HUs W (QYyHKUUSIMU

JIOKaJIbHOM MOJIMMEPHOM IIOTHOCTU. B pesynbrare 00e ¢a3bl MOryT COCYILIECTBOBATD
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B ITOJHMDJIEKTPOIMTHON 3Be37e (a BOOOIIE ToBOpS W B IIETKE) (GOPMHPYs TUIOTHYIO
(KomTaricupoBaHHY0) ¥ HaOyx11yr Mukpodassl [73, 74].

IlepBast Teopus koyuranca JUHEMHOMN MOIUIIIEKTPOJIUTHON EMOYKH C IIOCTOSHHBIM
3apsiiom Obuta peasiokena A. P. XoxmossiM B [75]. B aToit pabote, Obin npeacka3an
MOCTETIEHHBIA  KOJUIAlC  MOJUAJIEKTPOJIMTHON IEeNu ¢ yXYy[QIIEHWEeM KadecTBa
pactBopuressi. B cOOTBETCTBUUM € 3TOM TEOpHEW YaCTUYHO CKOJUIANICUPOBAHHAS 1IEMb
PEACTABISIET COOOM BRITSHYTYIO IUIWHIPUIESCKON GopMBI (POPMBI CUTAphI) TIIOOYITY.
B pab6ore [76] nnsa cnydas pH-4yBCTBUTENBHOTO MOMUAIEKTPOIHTA OBLT MIPEACKa3aH,
OJTHAKO, PE3KHUI MEePEeX0 B KOJUTAIICUPOBAHHOE COCTOSHUE MPHU YXYAIICHUH KauyecTBa
pacTBOpPHUTEIS], CBI3aHHBIN C TeM, YTO KOH(MOpPMAIHs IENU ONPEAeIsIeTCsl CTEMEeHBIO
ee umoHu3anuu. To ecTh, NMPU HU3KOW CTENEHW WOHW3AIMWHU II€Mb HAXOAWUTCS B
KOJIJIATICUPOBAHHOM COCTOSIHUH.

Teopuss XoxsoBa A. Obuia pa3Bura JloOpbiHuHBIM A., PyOunmreiinom M. u
O6yxoBbiM C. B pabote [77] rae ObLIO TTOKa3aHO, YTO YACTUYHO CKOJIJIAIICHPOBAHHBIC
3aKaJI€HHBIE IMOTMAICKTPOIUTHBIC IEMOYKH MPEICTaBISAIOT COO0OM CTPYKTYpHI THIA
«OXKEPEeINbe», COCTOSIIME W3 [IOOYIAPHBIX «OyCHMH» CBS3aHHBIX PaCTIHYTHIMU
MocTtrkamu. Pasmep «OycuH» KOHTpoJMpyeTcss OallaHCOM MEXIy DJHEpTHeH,
CBS3aHHOM C 0Opa3oBaHMEM MOBEPXHOCTH OycuHbl, W dHepruer KymoHoBckoro
pacrankuBaHus BHYTpu Hee. DopmMupoBaHue Takux CTPYKTyp OBLJIO TakKke
HNOATBEPXKAEHO UCchenoBaHusiMu  metojgamu  Monte-Kapiio u  MosjekynsipHo#
nuHaMuKH [78,79].

Ha pmanHBIi MOMEHT O BO3MOXKHOCTH MHUKPO(A30BOTO paccioeHus B
TOMOTIOJIMMEPHOU MOJIMAIEKTPOJIUTHON 3BE3/I€ M3BECTHO O4YeHb Mano. Hamportus,
CYILIECTBYET MHOXXECTBO paboT 10 MHUKpO(}a30BOMY pACCIOCHHIO B 3BE3/aX,
aMm(pupuILHOCT, KOTOpBIX OOecreuynBaeTcsi MO0 NMPUCYTCTBUEM B 3BE3/I€, KPOME
MOJIMDJICKTPOJIUTHBIX ~ JIyded, e€me W HeuTpaiabHbix ruapodoOHbiXx [14-16],
au00 HATUYMEM Yy KaKIOTO Jiyda OJHOBPEMEHHO IMOJMAJIEKTPOIIUTHOTO |
ruapodoo6Horo 65oKoB [13, 17-19]. Takue 3Be3mb1 GOPMUPYIOT OITHOMOJICKYISIPHYIO

MULEIJIONOAOOHYI0  CTPYKTYpy: ILENH WIW YacTH IeMmeu, sl  KOTOPBIX
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pPacTBOPHUTENH SIBISAETCS IUIOXMM, COOMpArOTCS B IUIOTHOE SApPO, B TO BpeMsS Kak
T€ TOJUAICKTPOIUTHBIE IENMA WJIM YacTH UEeNe, Mg KOTOPBIX PaCTBOPHUTEND
SIBIISIETCSL  XOPOIIUM, (POPMHUPYIOT KOPOHY, KOTOpas o0ecreunBaeT pPacTBOPUMOCTH
3Be3lbl Kak Mesioro. IlomyIsspHOCTh TakKMX CHUCTEM OOBSICHSETCS WX TPHUKIATHON
3HAYMMOCTBHIO B PELLIEHUM 33/]a4 TPAHCIIOpTa BELeCTB B opranusme [12,13].

CyniecTByrolye aHaJIMTUYECKUE TEOPHUH, ONMMCHIBAIOLIME TOMOIoIMMepHbie pH-
YyBCTBUTEIBHBIE IOTUAICKTPOIUTHBIE 3BE3IbI, CTPOSTCA Ha «box» Momenu (cMm.,
Harpumep, [4, 26, 80-82]), B KOTOpOH COAECPKHUTCS IPEATONOKEHHE O (DHKCAIHMH
KOHIIOB IIeTIeli Ha OMNPEACICHHOM pACCTOSHMM OT MeCTa W3 NPHUIIUBKH, YTO
caM0 TO0 cebe WCKIIoYaeT BO3MOXKHOCTH pa3jielieHust Jiyded wmexay Qa3zamu.
OpHako, HECMOTpsT Ha YIOMSHYTO€ OrpaHWYCHUE, BO3MOXKHAs JByX(a3HOCTH B
HOJIUDJIEKTPOJIMTHOM 3B€3/1€ W B IMOJHUIJIEKTPOJIUTHOW KOPOHE MUIEIUIBI TEM HE
MeHee oOcyxknanach B paborax [80, 81] coorBercrBeHHOo. B aTHX paborax ObuIO
MOKa3aHO, YTO NPOQUIb IUIOTHOCTH KOPOHBI TONHAIEKTPOIUTHOW 3BE3IbI, HE
SBIISICTCSl HEMPEPBHIBHOM (YHKIIMEHW pacCTOSHUA OT IEHTpa, a 3HauYeHHUE IUIOTHOCTH
KOPOHBI CKauKOOOpa3HO H3MEHSETCS, OTHAENsAs BHYTPEHHIOIO O0JIaCTh KOPOHBI, TJIE
JOMWHUPYIOT JIBOWYHBIE W TPOWYHBIC CTEPUUECKHWE B3aWMOJCHCTBHSI, OT BHEIIHEH,
B KOTOPOW JOMHHHMPYIOT B3aUMOJICHCTBHS 3JIEKTpOCTaTHYeckue. Takum o0pa3om,
3Be37a OKa3blBae€TCS pa3le/IeHHOW He JABe O00JacTd — IUIOTHYKO BHYTPH H
Pa3pEKEHHYIO CHAPYXKHU.

Cy1miecTBeHHBIM TPHOMIHKEHUEM B MPHUBEIACHHBIX paboTax, KPOME MOJIOKECHHS
0 (ukcanuu KOHIIOB IEMel, OBUIO MPEANOJIOKEHHE O ChepuuecKod CHMMETPHUH
KOH(GOpMAallMM YaCTUYHO CKOJUIAIICUPOBAaHHOW 3Be3nbl. IIpomecc  kosumarca
OIKCHIBAJICS KaK DBOJIONUS PACTpPEICNICHUsT paguaibHOW TUIOTHOCTH TIOJMMEpa
10 Mepe M3MEHEHHMsI Ka4yeCTBa PACTBOPUTEIIS.

MojenupoBaHie OAMHOYHBIX 3B€3JI C IOCTOSIHHBIM  3apsiloM METOJaMH
monekysapaoi nuHamukua [60, 83] u Monrte-Kapno [84], cBoOOAHBIMH OT 3THX
OTpaHWYEHUH, I[I0Ka3aj0, YTO B 3aBUCHMOCTH OT CBOMCTB pacTBOPUTENS B

3BC34AC MOI'YT 06p330BBIBaTI>C$I HCCKOJIBKO THIIOB YaCTHUYHO CKOJUIAIICHPOBAHHBIX
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koH(popManmii. Takux, HampuMep, KaKk CHEepUIECKH CHMMETPUIHBIE CTPYKTYPhI THIIA
sanpo—kopoHa (kBazu-muiiesuisl) B [60] u [84], a Takxke u ocoObie (cnenuduueckue)
3Be31000pa3Hbie CTPYKTYyphl. K MOCIETHUM OTHOCATCS, HampuMep, 3BE3Mbl, JIy4d
KOTOPBIX KXl B OTACIHHOCTH (HOPMUPYIOT MHOMXKECTBO CKOJUIATICUPOBAHHBIX
OyCMH Ha NPOTSHKEHUH HX JUIMHBL (okepenbe) [83], wim 3Be3abl, B KOTOPBIX
Jy4d COOMpArOTCsi MO HECKOJbKO MTyK B myuku [60, 83]. Onpnako cneuuduxa
MeTO/Ia MOJEKYISIPHON TUHAMUKHU HE MO3BOJISET BKIIOYUTH B MOJIENb BO3MOKHOCTh
MOHU3AIlUd MOHOMEPOB.

Ha Pucynke 7 nmpencrtaBieHa JuarpaMma COCTOSHHM — chepuyeckoit
MOJIMDJICKTPOJIMTHON IMIETKH, B3siTast U3 pabotsl [60]. I1o ocsm guarpaMMbl OTIIOKEHBI
bbeppymoBckast nimHa, [p — napaMeTp CHIIbI SJIEKTPOCTATUYECKUX B3aMMOIEHCTBUM,
M IapaMerp KOPOTKOAEWUCTBYrOMX B3ammoneucrsuu Jlennappa-JlxoHca, 1.
Ilpu pocratouno OoubliO bbEpPpyMOBCKONW JIMHE BO3MOXKHA KOHZEHCALIMS
IIPOTUBOIOJIONKHO 3apSDKEHHBIX HOHOB HEIMOCPEICTBEHHO HA MOJTUAIEKTPOIUTHBIE
nenn. OToT 2G(PEeKT B  ONPEACICHHOM CMBICIE aHAJIOTHYCH XHUMHYECKOM
HEUTpAJIM3allMM HMOHOIEHHBIX T[PYII OTOXXXEHHOIO IOJMAJIEKTPOJIUTAa HOHAMH
H30™. B pesynbrate B HEKOTOPOM OIPEAEIEHHOM WHTEPBAJE 3HAYEHUI MMapaMeTpoB
HAOJIIOAJIOCh pa3ZiesieHUe JIyded 3Be3llbl MexAy JByms (azaMu — IUIOTHBIM H
MPAKTUYECKU HE 3aPSHKEHHBIM SIIPOM M 3HAUUTEILHO MEHEE IJIOTHOW 3apsKeHHOU
KOPOHOM, MHAY€ roBOPsi, KBa3UMULEIIsIpHAsi KoHGopmauus. AHajJoruyHas KapTuHa
HaOmoganack B pabote [85], rme B KauecTBe HHU3KOMOJICKYISIPHBIX KOHTPHOHOB
UCIIOJIb30BaNach MOJUAIIEKTPOJIUTHAS LIETb.

CiieryeT HallOMHUTb, YTO CAMOOPraHU3alUs BHYTPU- WA MEKIIEIHBIX arperaroB
SIBISIETCS] TUMMMYHBIM CBOWCTBOM IOJUAJNIEKTPOIMTOB C TOCTOSTHHBIM 3apsiziom. [lo
Mepe YXYALICHHS KaueCTBAa PACTBOPUTEIIS OTACIIbHBIC MOJUAIEKTPOJIUTHBIE LEMH
NpeTepreBaT KOJUIANC U Takxke (GOPMUPYIOT CTPYKTYpbl THIA OXepeliibe [77, 86,
87] m mukpoda3zHO paznerneHHbIe JOMEHHBIE CTPYKTYPHI B PacTBOpaX C KOHEUHOU

KOHIEHTparuein [88].
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Pucynok 7 — Jluarpamma coctosiHUi cepruuecKoi MOJMUINEKTPOJUTHOMN 1LETKH (C
MOCTOSTHHBIM 3apsiioM) u3 M = 184 nemneit co crenenpto nonumepusanuu N = 60 u
JoJeii 3apsHkeHHbIX MOHOMEpoB «v = 1/3. Ha auarpamme npencraBieHbl BOZMOKHbBIC
KOH(pOpMAIIMK HIETKH: TTOJHOCTHIO CKOJUTAIICUPOBAHHAS MIETKA (KPY)KOUKH), IIIETKA
U3 TTyYKOB TIOJIMMEPHBIX 1ernen (KBajaparuku), HaOyxias 1merka (poMOuKku) u

KBa3WMHUIIEIUIIpHAs MIETKa (TPEyrojibHUKM). DTa Juarpamma B3sita u3 padotsi [60].

OTHOCHUTENPHO  HEAAaBHO B  HAy4yHOM JIMUTEpAType  CTAIM  TOSBIATHCS
AKCIIEpUMEHTAJIbHbIE PAa00ThI, B KOTOPBHIX HAOJII0IAJI0Ch MUKPO(A30BOE PACCIOCHUE
B 3Be371000pa3HbIX TMOJUMEpHBIX arperarax. Tak, B pabGortax [89] B mmuremie us
OJIOKCOMOIMMEPHBIX LENel MOJMCTUPOIa U MOJTUMETAKPUIIOBOM KUCIOTHl METOIaMU
(IIFOOPECUEHTHOM CHEKTPOCKONUK HaOJI0NaNoCh JIBa 3HAYEHUS JUDJIEKTPUUECKON
MPOHUIIAEMOCTH OKpYXeHHsT (DIroopodopoB, NMPUCOECTUHEHHBIX K KOHIAM Jydeu
3BE3/Ibl, TO €CTh ONpeaeIeHHas A0 3TUX (PIOOPOPOPOB OKA3BIBAIACH B OKPYKEHUHU
MEHEe TOJISIPHOM, 4Y€éM OCHOBHOM pacTBOop. B pabore [90] ananormunsiii 3¢ ekt
HAOJIIOJAJICSl B FE€TEPOJIyUEBOM 3BE€3/1€, COCTaBIICHHON u3 1eneil nosucrupona (PS) u

nonu-2-suHunnupuanHa (P2VP). B o6enx paboTax Ha OCHOBE MONYYEHHBIX TaHHBIX
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OBLT CHENaH BBIBOA O TOM, YTO IOJUAJICKTPOIUTHAS KOPOHA B JTHX arperarax
pasneneHa Ha ABe (a3bl — Ha IUIOTHYK0 BHYTPEHHIOI U Pa3pEeKEHHYIO BHEIIHIOHO.
JlanbHel1me 3KCrepuMeHTaIbHbIE MOITBEPKICHUS BO3MOXXHOCTH COCYIIECTBOBAHUS
MJIOTHOTO BHYTPEHHETO JIOMEHA Yy TMOJUDJIEKTPOJIUTHOW KOPOHBI MHUIIEIUIBI OBLIN
OCYUIECTBJIEHbl METOJAaMU CTAaTUYECKOIO0 W JUHAMHUYECKOIO CBETOPACCESIHUS,
MJIOYIJIOBOI'O pPacCesiHUsi HEUTPOHOB, W KPUODJIEKTPOHHOM MUKPOCKOIIMU Ha
MUIleTIaX W3 OJOKCOMoIMMepa TOMUATHIATHICHA W TONHCTHPOICYIH(OHOBOM
KHUCJIOTHI [9].

Cremyer OTMETUTH COBCEM HeAaBHee wuccienoBanue [91], mpoBeaeHHOE B
HNHcTUTYTE BBHICOKOMOJIEKYJISIPHBIX COEJAMHEHUH, B KOTOPOM H3y4Y€Ha MOJICKYJIsIpHas
IETKA, COCTOSIIAsI U3 OCHOBHOW KOPOTKOM MOJUUMHIHOMN [ETH W JJITUHHBIX OOKOBBIX
npuBeckoB nosimMmeTakpuioBoit kuciorel (IIMAK). Byayuu morpyeHbl B ILTIOXOM
JUIsi OCHOBHOM LIEIIM PACTBOPUTEJIb JAHHbIE MOJIEKYJISIPHbIE LIETKW CBOPAYUBAKOTCH,
obOpasys 3Be3nbl. VcmmemoBanne MeETONOM JEMONIAPU3AIMN  JTIOMUHHUCIICHIIUA OT
dmroopodopoB, npuBuThix K 1emsiM [IMAK, nmokaszano Hanuume OBYX pa3iUYHBIX
3HAYEHUU BPEMEH pellaKCallid, XapaKTepHU3yOIIUX MOABUKHOCTh Y4aCTKOB OOKOBBIX

nene [IMAK.

1.4. 3akaounTeIbHbIC 3aMeYaAHUS

Ha ocHoBaHWM aHalW3a JIATEPATYpPHBIX JAHHBIX MOXHO 3aKIIOYUTh, YTO
TEOPETHYECKUE HCCIICI0OBAaHUS KOH(DOPMAIMOHHBIX CBOWCTB  3BE3000pa3HBIX
aM(puPUIBLHBIX TOMOIOJIMYJIEKTPOJIUTOB B pacTBOpax BeCbMa HEMHOIOYUCIICHHBI
U [POTUBOPEYMBBHI. B oOmIMuMe OT JaHHBIX 110 HW3YYEHHUIO 3BE371000pa3HbIX
MOJINMEPOB TETEPOITYUEBOM CTPYKTYPBI, B KOTOPBHIX K OOIIEMYy MEHTPY BETBICHUS
OPUCOCIUHEHBI JIydd U3 THUAPOGOOHOTO TMOIMMepa M MOJHUIJIEKTPOJINTA, WIH
3B€3 C JiydaMd Ono4HOM mpupoabl (TUApOPOOHBIH M  MOJUIIEKTPOIUTHBIN
OJOKHM), It KOTOPBIX YK€ CYIIECTBYIOT TEOPETHYECKHUE M DKCIIEPUMEHTAJIbHBIC
J0Ka3arejabCcTBa 00pa3oBaHUST WMH B PAcTBOpaxX CTPYKTYp THIA SJIPO-KOpPOHa,

pe3ynbTarbl u3yuyeHus: KOHQOPMALIMOHHBIX MIEPEXOA0B U MUKPO(PA30BOro paszaeiieHus
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B pH-4yBCTBUTEIBHBIX TOMOTIOIUAIEKTPOIUTHBIX 3B€3/1aX B CUITy OIPAaHHYCHHOCTH HE
MO3BOJISIIOT MOJYYUTh YOSAUTENbHBIE MPEACTABIECHUS O BO3MOXKHOCTH OOpa30BaHUS
TaKUMHU  TIOJIMDJISKTPOJIMTHBIMA ~ YHUMMIICIUIIPHBIX CTPYKTYP B  BOJHO-COJIEBBIX
pacTBOpax.

[IpuHrMasi BO BHUMaHKHE BaXKHOCTh TAKOTO pOjia MCCIASAOBAHUUN IS TOJyYCHUS
yIIyOJICHHBIX TPEJCTaBICHUH O mnpoueccax (HOpMUPOBaHUS YHUMHULEIUISIPHBIX
CTPYKTYp (HAaHOKOHTEHHEpPOB), MMMOOWIIM3AIINU, TPAHCIOPTE M BBICBOOOKICHUH
ruApoOOHBIX OMOTOTHYECKH aKTHUBHBIX BEIIECTB, B HACTOSAIIEH pabOTe OCHOBHOE
BHUMAaHHE YACICHO PEIICHWIO 3aJa4 [0 MOJAEIUpoBaHUI0 3Be3n u3 pH-
YYBCTBUTEIBHBIX TOJMIJICKTPOJIMTHBIX JIydel, WCCIICIOBAHUIO BIIMSIHUS KadyecTBa
pacTBOPUTEINs, MOHHOW CHIIBI 1 pH pacTBopa Ha BHYTPEHHIOIO CTPYKTYPY OJIMHOYHBIX
3BE3l], YCTAHOBJICHHIO YCJIOBUH, O00OECIEYUBAIOIUX MHUKPO(PA30BOE PACCIOCHHE
B 3BE3/€, H3YUYCHUIO Xapakrepa B3auMOJCUCTBMM 3Be3J Apyr C JAPYIOM U C

HEMPOHHUITaeMOU TUAPO(POOHOI MOBEPXHOCTHIO.
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IVTABA 2. MOJEJIb U METO/1

2.1. Moaeab camocoriiacoBanHoro nmojisi Cxoiitenca—®diaupa

UtoObl paccMoTpeTh KOH(GOPMAIMU 3BE3] NPU BO3MOXKHOCTH paclpeeeHust
KOHLUOB LENE€d, M B TO K€ BPEMs BKIKUYUTh B MCCIEJOBAHUE 3aBUCUMOCTb
MOHM3AIMM MOHOMEPOB OT UX JIOKAJBHOTO OKPYXEHHs, B JaHHOW paboTte
UCIIONB3YyeTCsl 4ucleHHbld Meron Cxoitenca—®Pnupa [41, 92] mns  peuieHus
ypaBHeHUl camocornacoBanHOro nois (T. H. Meton CCIT-CD). DToT MeTO1 MO3BOIISIET
uccienoBarb koHpopMauuu 0e3 BBEIEHHUs JONOJIHUTENIbHbIX OrPaHUYEHUH, TaKux
KaK (ukcanus peXMMOB IOBEJIEHUS CUCTEMbI, & PACCUMTHIBAIOTCS €€ COCTOSHUS
Opyu  y4yeTe BCEX TUIIOB B3auMoAecTBUi. BbluuciaurenbHas 3p(EeKTUBHOCTD
METOJla SBIISIETCS.  PE3YJbTATOM IPUOJIMIKEHUSI JIOKAJIBHOIO  CPEJHEro  IOJIs.
IIpenmonoxxeHne 0 CUMMETPUM HCCIECAYEMOM CHCTEMBI CHJIBHO YIIPOIIAET pacyer
U CBOAUT 3a7ady K BBIYUCICHHUIO OIHOIPAIUEHTHOro (Ui ciydas OIMHOYHOM
chepuuecKkd CUMMETPUYHON 3BE3/bl) paclpeleseHus] MOJMMEPHON IUIOTHOCTH,
yCpelHsisi €e MO JBYyM HampaBieHWsM (B HamleM cliydae [0 3€HUTHOMY |
a3MMYTAJIBHOMY YIJIOBBIM HampaBieHusiM). Jljis wW3ydeHus CHCTEM C OCEBOM
cuMMeTpueil Obul pa3paboTaH T. H. JAByXrpajaueHTHbId meron Cxoiirenca—Pnupa,
B KOTOPOM YCpEIHEHHE KOH(POpMalUMil UIAET HE 10 JIByM HaIlpaBJIEHUsAM, a
TOJIBKO II0 OJHOMY — Aa3MMYTAJbHOMY HAIpPAaBICHHUIO LMJIAHIPAYECKOUM CHUCTEMBI
koopauHar. B paGore [26] wmetom CxoiiteHca—®Dnupa yke NPUMEHSIICS IS
UCCJIeI0BaHMs KOH(pOpMAIMii OMHOYHON MOJMAIEKTPOIUTHOM 3Be3/bl. EcTecTBEHHO
YTO TMPEATNONOKEHHE O CHUMMETPUHM HCCIENyeMbIX KOH(MOpMaIuii TPUBOIUT K
npeHeOpekeHnI0 (PIyKTyalusiMi TIOTHOCTH B HAIPaBJIEHUSIX, [0 KOTOPHIM BEJETCS
YCPEIHEHUE.

Nrak, paccMOTpUM IHOJUDIEKTPOJUTHYIO 3BE31ly, [OIPYKEHHYIO B BOJHO-
conmeBoii pactBop. Ilycte 3Be3ma cocrour w3 N JIHHEWMHBIX TOMOIOJIMMEPHBIX
HOJUAJIEKTPOJIMTHRIX — LIEeTei, cocTosiuux u3 /N OIMHAKOBBIX, C(epUuyecKu

CUMMETPUYHBIX CETMEHTOB (3BEHBEB), IMPHUIIUTHIX OJHHM KOHIIOM K cdepe
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Pucynok 8 — (a) Cxemarnyeckoe n300pakeHNEe TOTUIIEKTPOIUTHOM 3BE3/1bI B

BOJIHO-COJIEBOM pacTBOpe. YCpelHeHHas KOH(OpMalus 3Be3/bl IPEANonaraeTcs
chepruuecku CHMMETPUYHOM U ONUCHIBACTCS €IMHCTBEHHOU NIEPEMEHHOMN

r =1, 2, 3,... Tunbsl MaasIX MOJEKYJ TIEpEUHCIeHBI B JereHae. (0) 3Be3na
paccMaTpuBaeTCs Kak MoCiieJ0BaTeIbHOCTh CIyYalHbIX Oy JIaHUMN 10
OJIHOMEPHOMY MAacCHUBY KOHIIEHTPUYECKHUX chepuyeckux cioeB. O6bem ciosi L(r)

PacTeT ¢ yBeNHYEHHEM €ro Homepa n,. Kak L (r) o< 4mr?,

pamuyca Ry (Pucynok 8). He napymas oOmHoCTH, OyaeM CUuTaTh, YTO KaXKI0€
3BEHO SBJSETCS CJIa00N KHCIIOTOM, T. €. OHO MOXET OBITh MO0 HEHUTpaIbHBIM
(cocrosinue AH), mu60 UMETh OTpULIATEIbHBIN 3apsi/l, PaBHBIN 3apsay dJIEKTPOHA €

(coctositrme A™). CocTosiHEE Ka)/I0TO 3BEHA, 3apsHIKEHO OHO WIIM HET, ONpeneNseTcs

koHcTaHTol nonuzauuu pK = —lg(K) u nokanbHbIM (BHYTPH 3BE3[bl) 3HAYCHHEM

pH = —1g [H307] (a Tounee ux pasHocrsio pH — pK,,) B COOTBETCTBUMU C peakiueit
K

AH+H,0 = A~ + H;0". (10)

OTMETHM, YTO B KAUECTBE HMOJIOKUTEILHOIO MOHA BOJbI, PACCMATPUBAETCS HE HPOTOH
H™, a ero coemuHenne ¢ MOJIEKyIoi Boasl, ruapokconuit HsO™,

KpoMe KHCIIOTHOTO OCTaTKa Ka)<I0€ 3BEHO COAEPKHUT ruapodoOHyro rpymimy. Ee
creneHb ruApo(GOOHOCTH XapakTepH3yeTcs IapaMerpoM B3aumoueiictBus diopu-
Xarruaca x, KOTOPBIM XapaKTEpU3yeT CPOACTBO 3BEHLEB 3BE3AbI M MOJIEKYII

pactBopuTeins. IlonoxkurenbHble 3HAYEHUs X NOAPA3yMEBAIOT NPUTSIKEHUE MEXKIY
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HUMH, a OTpULIATEIIbHbIE — OTTaJKuBaHUE. [IJIs1 MPOCTOTHI HUCIIONB3YEeTCS OAHO M TO
K€ 3HAUCHHME X I MapaMeTpHu3allid B3aUMOJICUCTBHUS 3BEHBEB 3BE3IbI CO BCEMHU
MOJIBFOKHBIMH YaCTHIIAMH, TPUCYTCTBYIONIUMHA B CUCTEME, TO €CTh, JIUII KOHTAaKTOB
nonumepa ¢ Bozoi, nonoxutenbubiMu (Na®™, HT) u orpunarensuasimu (C17, OH™)
noHamu. Kpome TOro mnpezmnojiaraeTcs, 4To BeJIMYWHA ) HE 3aBUCHUT OT COCTOSHHUS
MOHOMEPHOIO 3BeHa (3apspkKeHO OHO Wiu HeT). B Hacrosimelr pabore wHTEpeceH
ClTy4yaid, B KOTOPOM He3apsHKEHHBIE 3BE€HBS 3BE3/1bI THAPO(POOHEI, TaK YTO IMapaMeTp Y
moJyiaraeTcs OOJBIIE €0 3HAUYCHHS, XapaKTepHOTO IS O-pacTBOPUTENS, TO €CTh ) >
0.5. Takum o6pazom, am(pupUILHOCTH 3BE37bl 0OecmeunBaeTcsi ampuPUILHOCTHIO
KaXXJI0TO OTJIEIIBHO B35TOTO 3BeHA. B 3apsHyKeHHOM COCTOSIHUHW 3BEHbBSI THIPOQUIILHEI,
a B HE3apaXKEHHOM — THAPO(POOHHI.

PacTBOp, B KOTOPBII [IOIPYKEHBI 3BE3/1bI, COCTOUT U3 BoAbl HyO, ee nonos H3O™
u OH™ u nono monosanentHoii comu Na™ u Cl™. KoHueHnTpauus MOHOB BOIbI

ONIPENETACTCA PEAKIINEN

Kw
2H,0 = OH™ + H;0", (11)

riae K, — KOHCTaHTa JUCCOLMAIMU BOJIbI

KntoueBpiM mapamMeTpoM pacTBOpa SIBIETCS €r0 MOHHAS CUJIA, TO €CTh IMOJIOBUHA
CYMMapHOM KOHIIEHTpAllMM BCEX HOHOB B cpene, s. Ilog cpemol moOHUMAaeTCA
JIOCTAaTOYHO YAAJICHHAs OT 3BE3/bl 00JIaCTh PacTBOPA, B KOTOPOH PACIIPEACIICHHE BCEX
€ro KOMITOHEHTOB MOXXHO CUMTaTh OJHOPOIHBIM. byneM 0003Ha4aTh MPUHAIICKHOCTh

TOW WJIM UHOW BEJIMYMHBI K CpeAe MHAEKCOM «out». Tak uto

(@& + oXa + Vot + Yhio) - (12)

N | —

Ps =

Tak kak cpena JOMKHA OCTABaThCS IIEKTPOHEUTPAIBHOM, TO JOJHKHO BBITOMHATHCA
out out __ . out out s

YCHOBUE Qi +Ph = PXa T¥H,0- TAITHIHBIME JUIS HCCIIELYeMOM CUCTEMBI SIBIISIOTCS

YCIOBUSL HPU KOTOPBIX KOHLIEHTPALMsA COJM HAMHOIO MPEBBIIAECT KOHLEHTPALUIO

roHoB H3;O" 1 OH™, TaKk 4TO MOXHO ITOJIOKHTH

s = o, (13)
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Bce ymoMmsHyTBIE 4YacTHMOBI PacHONIATalOTCS B SYEMKAX JUCKPETHOU PEMIETKH
(Pucynok 8(0)). Mepoii KOHIEHTpallMU CHy>KaT Oe3pa3MepHble OOBEMHBIE TOJH
KOMTIOHEHTOB CHCTEMBI Oy, OMPEACIISIIONINE BEPOSTHOCTh HAXOKICHUS B SUCHKE
gactuibl KomnoHenTa X. Kaxmas siueiika 3anojiHena, Tak 4ro » v ex = L.

PazmMep Bcex syeek OAMHAKOB W PACUUTHIBAETCS HWCXOAS U3  CIEAYIOIINAX
cooOpakeHuii. B omHoM juTpe umcrod Boabl coumepxkutrcs C,, = 55.5 Moiei,
CIIEZIOBATENFHO OOBEM OIHOW MONEKynbl Bombl paseH vy = (C,N4)™1 = 2.99 x

_ V. 1/3
10~2°M3, a 3HAUNT MUHEIHHBIA pazMep MONEKyMbl [, = Uo/ =

3.1A. Dra BennuuHa u
BhIOpaHa 3a €MHMILY JAJTUHBL. A 32 €IMHUIY KOHIIEHTpanuu BeiOpaHa BenuunHa O, =
55.5™°%. Bee 0Oe3pasMepHbIe KOHIEHTPAUUK OylneM HE3bIBAThE OOBEMHBIMHU JIONSAMU

U 0003Ha4YaTh C TMOMOIIBK OYKBBI (¢ C COOTBETCTBYIOIIMM HWHIEKCOM, HAIpUMED,

PNa = CNa*/Ow-

Ewe oauH BaxkHblid napamerp — 310 pH cpenbl. OH CBs3aH C KOHUEHTpauuen
MOHOB THIPOKCOHMSA B cpene ¢, PH = —logpfy. Homsr H;OY u OH™

pacripesielienbl B COOTBETCTBUM C peakuueit 2H-,O g H;0" + OH™, rue
K,, — xoHcTaHTa nucconuanuu Boabl. HeliTpanbHOMYy 3HaueHU0 pH COOTBETCTBYET
obbeMHast Toms @iy = 1077 /55 sret — 1 8.0~ rak uro pH' = 7+log,; C\y =
8.74. lns nepexona k 6e3pa3MepHbIM KOHUEHTpauusm uucio log,, Cy, = 1.74 cnenyer
Takxe no6aButh M K BenwumHam pK, m p/K,. Bcromy B pabore, ecnu He yKa3zaHO
oOparHoe, cuntaercs uto pK, = 6 u pH = 7 B 00bIYHOM HX CMBICIIE.

Tak kak pa3Mepbl BCEX 4YacTHI] JOKHBI OBITh OJIMHAKOBBI W PaBHBI pa3Mepy
SIUCHKHU PEILICTKH, Iepexo]] OT 0e3pa3MepHbIX BEJIWYMH KOHILICHTPALMU K MOJISIM Ha
JUTP HE MOXKET OBITh BIOJIHE TOYHBIM. Tak YTO TOJydaeMble PEe3yJIbTaThl HOCST

CKOpEC K&‘ICCTBCHHBII‘/’I, HEXKEIHW KOJINYECTBEHHBIN XapakTep.

2.2. Metoa Cxoiitenca—®iaupa

B HaCTOAIIICM HCCICcaA0BaHNN HCIIOJBb30BAaJICA YHUCJICHHBIN METOL

camocormacoBanaoro mojs Cxonrenca—®mupa (CCII-CD) [41, 92, 93]. Metox
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Cxoiitenca—®nupa o4eHb yao00eH ISl TEOPETUYECKOTO HCCIEeI0BAHUS MOJMMEPHBIX
cUCTeM, OONAJaloONUX OIMNPENEICHHON CHUMMETpUEH, Hampumep, CPepruIecKoit
win  mmHApudeckor. Ilpu stom npoduim moreHnManoB W OOBEMHBIX JIOJIEH
OKa3bIBAIOTCS (PYHKIMSAMH OJHOW MEPEMEHHOM ISl ciiydasi CPepruuecKol CHMMETPUH
3aJa4d M JBYX I[IEPEMEHHbIX — U1 LWIMHApUYECKOH. Bce pacnpeneieHus
IPEAIOIaratoTcss YCPEIHEHHbIMU 110 YIVIOBbIM IIE€PEMEHHBIM. JTa OCOOEHHOCTh JAET
3HAYUTEIbHBIN BBIMTPHINI B CKOPOCTH BBIUMCICHHU. Hampumep, Ha mepCcOHAIbHOM
KOMIThIOTEpE pacueT KoH(popmaruu oguHOouHOM 3Be3abl u3 M = 10 myueit mo N = 30
MOHOMEPOB IIpH (PUKCUPOBAHHBIX MPOUYMX MapaMeTpax 3aHUMAET HECKOJIbKO CEKYH/I.

B nmannOil pabote mcmnonb3oBajachk peanusanus anroputma CxoinrteHca—dmupa,
paspaboranHas B yHuBepcuTere ropoga Barenmnrena, Hunepnauaer [92]. B metone
pacyeT Npou3BOJUTCS Ha AUCKPETHOM penieTke. Pa3mep siueex pemeTku nogonpaercs
TakuM 00pa3oM, 4YTOObl MOHOMEpHBIE 3BEHbs IOJIMMEPA, A TAKKE BCE MaJIbIe
YaCTHUIIbl YMEIIAIUCh B OMHOU suelike. Takum oOpa3oM, perreTka B METO/IEe CTPOUTCS
Ha OCHOBE €AMHOW (yHIaMEeHTaNnbHOW JUIMHBI a. byneM cuutarb, He Hapymias
oOmHocTH, 4To @ = 1. Bee sueliku pemeTku rpynmnupytores B cinou (Pucynok 9).
OpHuMm U3 MpUONMKEHUI TEOPUH CPEAHETO MITM CaMOCOTIIACOBAHHOTO TIOJISl SIBISIETCS
YCPEIHEHUE BCEX XAPAKTEPUCTUK CUCTEMbI BHYTPHU KaXIOro cios. B mpocrenimen
peajiM3almry METOJA MOJIMMEPHAs LUEIOYKa IIPEACTABISETCS KaK [10CJIEN0BaTeIbHOCTh
CIIy4alHbIX OJIyXJaHUM 110 OJJHOMEPHOMY MACCHUBY IUIOCKHUX CJ0€B. [IpuMenuTennHo
K TIOCTaBJIEHHBIM 3aJjayaM MbI OyJeM HCIOJIb30BaTh C(EPUUYECKYIO0 PEIIeTKY H,
COOTBETCTBEHHO, MMETh JEJI0 CO CIIyYalHbIMU OJIY>KIQHUSMU [0 OJHOMEPHOMY
MaccuBy cdepuueckux cioeB (PucyHok §(a)), wim uCnosib30BaTh HAIUHIPUIECCKYIO
pemeTky u OnyXJIaHus MO JBYMEPHOMY MACCHUBY KOHIIEHTPUYECKHX KOJEI]
(Pucynok 26 u3 Paznena 3.3.1).

JlBe  mpuBeneHHble ~ peanu3auuMud  Meroaa  (T.H.  OJHOTPAJUMEHTHas |
IBYTPAIMEHTHAs]) HUCHONB3YIOTCS COOTBETCTBEHHO [IJISi HCCIENOBaHUS OIWHOYHOM

3BE€3bI U B3aHMO,Z[€I>'ICTBH$I ABYX 3BC€3/, @ TAKIKC 3BC3AbI CO CTEHKOM.
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B mnepBom ciyuae cucrema o0OnamaeT IEHTPAJIbHOM CHUMMETpUEH, H €€
KoH(OpMAIHs MOXKET OBbITh OMUCAHA C IOMOLIBI) OJHON pagrajbHON KOOPAUHATHI
r=1,2,3, ..

Cucrema U3 JIByX B3aMMOJCHCTBYIOLIMX 3BE3J WIIM 3BE3lbl U CTEHKH O0JajaeT
aKCHaJIbHOW CUMMeETpHell W TpeOyer Ui CBOEro ONHMCAHWs Iapy MEPEeMEHHBIX I' =
(r, z). Pagu oOmHOCTH U3JIOKEHUsI OylleM CUMTATh, YTO I' — BEKTOPHAs BEJIMYUHA,
coneprkaiast onHy () win aBe (r, z) KOMIIOHEHTBI COOTBETCTBEHHO c(hepuuecKoi u
IWTAHIPAYECKON CUCTEMbI KOOPAUHAT.

Kaskipiii ¢J10#f ¢ KOOPIMHATOW I UMEET BOOOIE TOBOPs pa3iuyHbiid 00beM V (1),
U, CIIEIOBATENILHO, CONEPHKHUT PA3IMIHOE YMCIIO sueek oobema a® = 1. Tlycts L(r) —
KOJIMYECTBO SYEEK B CJIOE I, TOTAA B CPepHUUECKOil peleTke i chHepuieckux CloeB
L(r) = V(r) = 3m(r® — (r —1)*), a aus Konew B LMIMHAPUYECKON PElIETKE HMeeM
L(z, r) =4n(r* — (r — 1)?), Vz.

Nmeercs: eme oauH mapamerp pemetkd A(r, r') 3amarommidi  anpHOpHbIE
BEPOSITHOCTH TIEPEXOI0B OJy)KIaHHUI M3 OAHOTO CJIOS I' B COCEMHUM 1. DTOT mapamerp
MCIIONB3YeTCs. B METOJE HPU BBHIYUCICHUH IOTCHIMAJIOB CEIMEHTOB, a TaKXKe HPH
BBIYMCIICHUH CTAaTUCTUYECKUX BECOB KOH(opmaiuii menen.

B namewm ciaydae A(r, r’') = 0, eciu |[r — 1’ > 1|, 9T0 03HauaeT 3anper Ha MPBDKKH

4yepes3 CJI0M M Ha nepexoibl ‘1o AMaroHaIv’ B JABYXI'pagueHTHOU peluerke. [lapamerp

A YIIOBJIETBOPSIET YCIOBUIO HOPMUPOBKH

Z)\(r, r') = 1.

rJie CYMMUPOBAHUE UJET 110 BCEM COCEIIHUM SUEhKaM.

B mpocroit kybuueckoii pemerke, Hampumep, A(r,r’) = Ar',r) = 1/6,
TaK Kak KaxIas s4deiika MMEET IIECTh cocene. B KpHUBOIMHEHWHBIX penIeTKax
BEPOATHOCTH IIEPEXONOB MEXKAY CIHOSIMH JOJDKHBI  YIOBJIETBOPATh HECKOIBKUM
YCIIOBUSIM ONPEAEISAEMBIM T€OMETPUEN PEUIETKU. TaK KaK BEPOATHOCTh HAXOXKICHUSA

YaCTHIBI B CJIOC I' MIPOMOPIHOHAIIBHA 00BbeMy 3TOTO cjiosi L(r), TO U BEPOSTHOCTH
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Pucynok 9 — IInockast ogHOTpalu€HTHAS PENIETKA, B TOM CIy4ae 3a7a4a COACPIKUT

JIMIIb OAHY NPOCTPAHCTBEHHYIO IEPEMEHHYIO .

MEePEeX0I0B MEX/y CIIOSIMU JIOJKHBI ObITh CBsi3aHbI ¢ L(r)
L(r)\(r, ') = LA, ).

dakTUYeCKu 3TO YCJI0OBHUEC O3HAYACT, YTO BCPOATHOCTH IPEXOAa OT OJHOTO CJIOA K

JpyroMy NpONOpLUMOHAJIbHA IUIOIIA/IM [IOBEPXHOCTH, 001IeH i1 000UX CIIOEB.

2.2.1. BpluucjaurTeJbHasa cxeMa

YUuciieHHbIM  pacyeTr CBOAMTCA K IIOMCKY ONTHMAJbHOIO paclpenesIeHus
yacTull Ha pemerke. ONTUMaIbHOCTh PACHPEACIICHHUS ONPENEIAeTCS C MOMOIIBIO
IKCTpEeMM3aui (PYHKITMOHANA CpPEIHEINONeBO cBOOOAHONW sHepruu. CBoOOmHAS
DHEPIUsi MOXKET OBbITh BhIpAKEHA KaK (QYHKIIMOHAI OT 0OBEMHBIX joiel o;(r) Bcex
KOMITOHEHTOB HJIM KaK (PyHKIIMOHAJ [MOTSHIIMAIOB KOMIOHEHTOB ;(r). Ha pemerke
00€ ATH BEIWYUHBI SBJISIOTCS AUCKPETHBIMU (QyHKuusiMu r. [lomck skcTpemyMoB
¢yHKIMOHAMa CBOOOMHOM sSHepruu 1m0 @;(r) u mo wu;(r) (MuHumyma @;(r) u
MakcuMyMa 110 u;(r)) I1aeT BO3MOXKHOCTD BBISICHHTh, KaK Paclpe/ieieHie I0OTHOCTEH
3aBUCUT OT IIOTEHIIMAJIOB CETMEHTOB M, HA0OOPOT, KAaK IMOTEHIMAJIBI 3aBUCSAT OT

IUIOTHOCTEM.
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CyTb MeToma CBOOHUTCS K TOMY, YTOObI HAaWTH, KaK 3aBHCUT paclpeieieHHe
IUJIOTHOCTH BCEX KOMIIOHEHTOB (p;(I') OT IIOTEHIUAOB u;(T), H, HAOOOPOT, KaK 3aBHCST
MOTEHIHABI CETMEHTOB OT IUIOTHOCTEH. 3aJaBIIMCh KAKUM-JIHOO H3HAYAIbHBIM
NIPEINOJIOKEHUEM O PACIPEIE]EHUN KOMIIOHEHTOB ) (T), MO HEMY BBIYMCISIOTCS

0

norenuuans v (r). Janee no u)

9(r) maxonuTcs yTOUHEHHOE pacupeneneHue o (r).

Ota uteparvuBHAas MpOolEeypa MOBTOPSETCS A0 TE€X MOP, MOKAa HE OyAeT OCTUTHYTO
HEKOTOpPOE YCTONUMBOE (CaMOCOITIACOBAHHOE) PEILICHHE, TAKOE, 4T ) = gpz"l.
OnuiieM, Kak UMEHHO MOTEHUHMANIBI 3aBUCST OT IUIOTHOCTENM W IIOTHOCTH OT

INOTCHIOHUAJIOB.

2.2.2. OT NOTEeHIHAJIOB K 00HeMHBIM J0JISAM

IlepBas 3ama4a, BOZHHMKAIONIAs B METOJE — pacyeT OObEMHBIX JI0JIEH CEerMEHTOB
NIpU 3aJ]aHHBIX MMOTEHIMaIax. [[s ee pemennst HaXoaaTCsl CTATUCTUYECKHUE BeCa BCEX
JOTYCTUMBIX KOH(pOpMAITUi MOJIEKYJ B CUCTEME.

B mpuHnune Bce peanucTuuHble KOH(POPMAIMW TOJUMEPHBIX MOJIEKYJ MOTYT
ObITH ONKCAHBI Kak OyxaaHus 0e3 camonepeceueHuit. OqHako, renepaius u rnepedop
BCEX ONyXmaHuil 0e3 camMoNepeceYeHHi BO3MOXKHBI TOJBKO IS IENed JTHHOM
nopsinka 30-u cermMeHTOB. B Momenu cBOOOTHOCOUNIEHEHHOW IIETIH OKa3bIBACTCS
BO3MOXXHBIM TOCTpOoeHUE dS(PPEKTUBHOM CXeMbl TIeHepalud H Iepedopa Bcex
BO3MOXKHBIX Takux Onyxaanuii (mpomaratopa). B 3ToM ciiydae Mbl MMeeM JeNo ¢
YUCTO CIIyYalHBIM OJy’)KJIaHUEM, KOTOpO€ MOpoXaaeT (aHTOMHYIO IIEMb; MPHU 3TOM
B KOH(OpMaLuu 1eny BO BpeMsi T€HEpaIuu CIAEAYIOIIEr0 CErMEeHTa JOMYCKAeTCsl €ro
3aBOpaYMBaHUE Ha3a/l.

Ilycte uMmeercs [ wMonekyn, Kaxmas w3 S MOHOMEPHBIX 3BeHBEB. Bce
MOHOMEpPHBIE E€IUHUIIBI, W3 KOTOPBIX COCTOSIT MOJEKYJbI, IOAPA3ACISIIOTCS Ha
HecKoJIbKO TUIIOB A, B, C ..., KpOME 3TOr0 HEKOTOPhIE MOHOMEPHI MOT'YT HaXOIHUThCS
B HECKOJILKMX BHYTPEHHUX COCTOSHUSIX k, [, m, .... BHyTpeHHUE COCTOSIHUS KaXI0TO
CETMEHTa CBSI3aHbI COOTBETCTBYIOIIMM XWMHYECKUM PEAKIIMOHHBIM PAaBHOBECHEM.

Tak, Hanpumep, MOJEKYJbl BOJAbl B pPacTBOPE MOTYT ObITb B TPEX COCTOSHMSIX:
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HerirpansaoM HyO, 3apsoxennom nonoxurensno HzO™ u orpunarensao OH ™. Jlns
3ajanHoro pH B pacTBOpe 10 YPaBHEHHIO PEAKIUH MOXKHO HANTH BEpOSTHOCTH /i
TOTO, YTO MOHOMED THTIa A HAXOAUTCS B COCTOSIHUU k. 31€Ch M Jayiee 3HAYKOM «out»
OyleM OoTMeYaTh MPUHAJICKHOCTh K KpaliHEMY CJIOK0 PEIIeTKH, Mesi BBHIY 00J1acTh,
HAXOJISIIYIOCS Ha 3HAYUTEIILHOM yJIaJICHUU OT KaKUX-JIHMOO MPUIIATHIX MOJICKYII.

[lycth Tarkxke HMEETCs MOoJIe C MOTEHUHAIOM UAr(r), 3aJaHHOe B KaKIOM
TOYKE PEIICTKH, MEHCTBYIOIIee HAa MOHOMEPHYIO €IMHHIYY THIA A HaXOIAIIYHOCS B
COCTOSTHUH k.

CDYHKLII/IH pacupeacsICHusA MOHOMCPHBIX MOJICKYJI CBA3daHa C COOTBCTCTBYHOIIHMM

noteHuaioM dhopmyinoi borsimana

Gap(r) = exp (—uAk(r)> :

kgT
OTU  BEPOSTHOCTH HCIOJB3YIOTCS KaK B3BeIIMBAONIME KOIPOUIMEHTHI ISt
onpenenenus pacmpenenerus G 4(r) MOHOMEPHBIX eIUHUI] TUIIA A BHE 3aBUCHMOCTH

OT UX BHYTPCHHCI'O COCTOSHUA

Jlnst  ompeneneHnus (QYHKIIMHA pacOpenesieHHs IO IOPSIKOBOMY HOMEPY S
A

1,8

MOHOMEPHOTO 3BE€HA MOJICKYJIE ¢ BBEIEM OIeparop o: -, KOTOPBIA paBeH eIUHHUIIS, CCITH
CErMEHT MOJICKYJIBI ¢ C HOMEPOM S SIBIIIETCSI MOHOMEPOM THIa A ¥ HYJIO0 B IPOTUBHOM
ciyuae. Torna GyHKIMS pacripefesieHus CETMEHTa ¢ HOMEPOM S MOJIEKYJIbI ¢ B TOUKE

r Oyner
Gi(r,s) =) 6/.Galr).
A

Tak kak G;(r,s) sSBISETCS HEHOPMAIM30BAHHON BEPOSITHOCTHIO, TO OOBEMHAs IO
CErMEHTa C HOMEpPOM | MOHOMEPHOW MOJEKYJbl ¢ B TOYKE I CBA3aHA C HEW

k03 PUITMEHTOM TTPOTOPIIMOHATBEHOCTH

@i(r) = CiG(r, 1),

rne C; = o

out onpenensiercs u3 ycnosus G(r" 1) = 1.
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DyHKIMS pacupeneaeHns MOJTUMEPHONR MOJEKYIIbI M3 S MOHOMEDPHBIX 3BEHBEB
ONpeeIsieTCs] CTATUCTUYSCKUM BECOM Bcex Onmyxnanuii Ha pewerke G;(r, 1|1, S) ot
CErMeHTa C HOMEPOM 1, HAXOIAIIMMCS B TOUYKE I, 10 CETMEHTA C HOMEPOM S B TOUKE
r’. B npubmmxkenuu nenu MapkoBa HEPBOrO IOPSIKA 3TO PacHpeNeNeHHe JI0JKHO

yIOBJIETBOPATH ypaBHeHUIO nuddy3un DnBapica [94]

8Gi(r, S)
Js

U

= a2)\V2Gi(I‘, S) — kB—T

C COOTBCTCTBYIOIIMMHU Ha4YaJIbHbIMH YCJIOBHAMU M YCJIIOBUAMH HA I'PAHHUIC PCHICTKH.
I[JI?I ueneﬁ HOHHMepHOﬁ 3BC3/Ibl HAYAJIbHBIM YCIIOBUEM ABJIACTCA — (1)I/IKC3LII/I$I OIHOI'O

M3 KOHIIOB S = | B TOYKE NPUILIMBKU. B Hamewm ciydae 310

Gstar(r = RO; s = 1) = sttar(s = 1) = M7

rae M — 4ucio ueneil CoOCTaBISIOIIUX 3BE3Y.
B kauecTBe rpaHUYHBIX YCIIOBUI B HAIIIEM CIIy4ae MCIOJIb30BAIIUCH YCIOBHUS, [IPU
KOTOPBIX CTAaTUCTUYECKUW BEC IEMH B MEPBOM CJIO€ PaBEH €€ Becy B HYJeBOM (T.H.

3epKaJibHbI€ TPAHUYHbBIE YCIIOBUS)

{%—f =0 ,Vr € border.

MoXHO TIOKa3aTh, YTO YpaBHEHHE OJBapjAca Ha JUCKPETHOW pEIIeTKe
npeoOpas3yeTcs B CIEAYIOUIYI0 CUCTEMY PEKYPPEHTHBIX COOTHOILIECHUM
Gi(r, s|Ro, 1) = Gi(r, s) (Gi(r, s — 1|Rp, 1)),
Gi(r, s|Vr, N) = Gi(r,s) (Gi(r,s + 1|Vr,N)),

A€ YITIOBBIC CKOOKHM 0003HAYaroT YCPCAHCHHUC 110 COCCAHHUM C I CJIIOsAM.
(Gi(r)) = > Ar, ¥)Gi(r)) = Gi(r) + a®AVZGy(r). (15)

JIBa MpUBEIEHHBIX YPaBHEHUS MPEACTABISIIOT CO00M TUCKPETU30BaHHYIO (opMy
ypaBaeHusi 14. IlepBoe m3 HUX HaANMMCAHO JJIsi CTAaTUCTHYECKOTO Beca OmyXmaaHui

OT cerMeHTa ¢ HoMmepoMm 1, pacnosnoxeHHOro B Touke Ry (Touka nmpummBku yueit
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3BE3Ibl), 10 CETMEHTA C HOMEPOM S B TOUKE I', @ BTOPOE ypaBHEHHUE — JJIsl OIy>KJaHUM,
HAUMHAIOIIUXCA C JIPYIOro KOHIA, TO €CTh OT CBOOOJHOIO KOHIIA — CErMEHTa C
HoMepoM N, 10 0 CerMEHTa C HOMEPOM S.

JleficTBUTEIIBHO, €CIIN MepenncaTb, HAPUMEpP, BTOPOE YPaBHEHUE C PACKPBITHIMH,

B COOTBETCTBUU C (popMyioii 15, yrimoBeIMU CKOOKAMH MOIYYUM

Gi(r, s|Vr, N) = exp (—1;:(;)) (Gi(r, s+ 1]Vr, N) + AV?G,(r, s + 1|vVr, N) .
B

PackianpiBas MmuOXuTENb exp (—ui(t)/ksT) B psim Toiiopa mpu GECKOHEYHO MAIOM
M3MEHEHUH JUIMHBI 1enu Kak 1 — wi(rs)/kpr, 3amensist pasnocts Gy(r, s|Vr, N) —
Gi(r,s + 1|Vr, N) npoussomnoii 9Gi(rs\¥r.N)/ps u orbpackiBas Manbli wien u - V3G,
NOJIyYUM ypaBHeHue 14.

Jlns Toro, 4roObl HAWTH CETMEHT LENU C HOMEPOM S B TOYKE I, HEOOXOAMMO
M JIOCTQTOYHO, YTOOBI J[BE LIEIH, OJHA COCTOSIIAas M3 CErMEHTOB C HOMEpaMH n =
1,...,$ 1 gpyras U3 CErMEHTOB C HOMEpPaMH N = §,..., N, BCTPETWIIUCH B TOYKE I
(Pucynok 10). 910 yTBEepK€HNE U3BE3CTHO TAKKE KAK 3aKOH Komro3uuu. [loaromy
BEPOSITHOCTh TAKOTO COOBITHS M, CIIENOBaTeNIbHO, 0OOBbEeMHas 10is ;(r, S) CerMeHTa
HOMED S 4-OH MOJIEKYJIbI B TOUKE I' PaBHA ITPOM3BEACHHIO CTATHCTHIECKUX BECOB ITHX

JBYX LIEIEN

Gi(r, s|Rg, 1)Gy(r, s|Vr, N)
Gi(rvs) .

Jlenenue Ha G;(r,s) B ypaBHeHWH 16 BBeIEHO Ui ydeTa TOTO, YTO MHOMXHTENb

Qpi(r7 S) = (16)

G;(r,s) B uuciaurene ApoOM BCTPEYACTCS HESIBHO ABAXIbl, TaK KaK CErMEHT C
HOMEPOM S COIEPKUTCSI B 00X IEIsX.

N3 00beMHBIX /10J1€11 CErMEHTOB ITPOCTO MOJIYUYUTh OOBEMHBIE 10U BCEX MOJIEKYJ

pi(r) = Z%‘(r: s)

U MOHOMCPHBIX CIUHUAIL

palt) =) Y wilr,s)dt.

1
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%

3BEHO HOMEDP S

>

0 r Is

Pucynoxk 10 — Miimroctpanusi K HaXOXKAEHUI0 OOBEMHOM JI0JIM CErMEHTA MOJMMEPHOMN
uenu. BepoarHocTb TOro, 4T0 CErMEHT ¢ HOMEPOM S HaXOAUTCs B CJI0€ T, paBHA
IIPOU3BEICHUIO CTATUCTUYECKUX BECOB JIByX CyOIlerneil ¢ cerMeHTaMu OT HadyaJbHOTO

JO0 S 1 OT KOHCYHOI'O A0 S.

Z[JI}I HaXOXIACHHA KC IIOAPACHPCACICHNA MOHOMCPHBLIX CAMHHUIL II0 BHYTPCHHHM
COCTOSAHHUAM HGO6XOI[PIMO 3HATh JIOKAJIbHYIO BCPOATHOCTH ozAk(r) HaXO0XACHHUA 3BCHA

tamna A B coctosHuu k

OTKyJa
war(r) = aar(r)pa(r).
2.2.3. OT 00LeMHBIX J0JIeH K MOTEeHINAJIAM

N3  okcTpemusanuu  (GyHKIIMOHATA CBOOOJHOM DHEPrUU  CIEAYeT, YTO

CpCI[HCHOJIGBOﬁ NoTCHOMAaJI A1 KOMIIOHCHTBI CUCTCMBI A MoxeT OBITh 3amucan

0 Fz'nt
/
ua(r) = u(r) + ,
pa(r)
e F™ — osHranenuiiHas cocTapisomas (QyHKIMOHANA CBOOOJHON SHEPTHH.

Du3MYEeCKU CMBICT ITOrO MOTEHIMAaNa €CTh padoTa, HeoOxoaumas JJjis 0O0paTuMoro

nepeHoca OJHOW dacThibl THa A W3 OECKOHEYHOCTH B TOYKY C KOOpPJIWHATAMH
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r. IIpu sTom mepBoe cnaraemoe u'(r) eCTh BENMYMHA, CBSI3aHHAs C YCIOBHEM

HECKNMACMOCTHU CUCTCMbI
> palr) =1, vr.
A

@U3UYECKH OHO CBSI3aHO C IOTEPEW DHTPONUU IPU CO3JAHUU IIyCTOM SYCHUKHA B
noyiokeHuH r. Tak KaK BCE YaCTHUIIBI B MOJIEIIM UMEIOT OIMHAKOBBIH pasmep, To u'(T)
HE 3aBUCHUT OT THNA 4YacTUUbl. BTOpoe ciraraemMoe BKIIOYAET BCE B3aWMMOJCHCTBUS,
UCTIBIThIBACMbIC YacTHICH TMna A B ToJIokeHMHW r. B paccmarpuBaemMoM cliydae
CIOJIa BKJIFOYAIOTCS KOPOTKOAEWCTBYIOIIUE CUJIbI, KaK 3TO cjenaHo B Teopun Dropu—
Xarruuca, U AajdbHOACHCTBYIOIIME IJIEKTPOCTATUYECKUE, MOJOOHO TOMY, KaK 3TO
cnenano B reopuu I'yn—YHenmena.

OCHOBHOE TPEANOJIOKEHUE TEOPUU CPEIHEro MOoJii B TOM, YTO BEPOSTHOCTH
KOHTaKTa JIByX YaCTHI[ B CHCTEME€ CUHUTAETCS MPOMOPIUOHATIBLHON HX OOBEMHBIM
noisiM.  HamoMaMM, 49TO 2TO NpHOIMKEHHWE WCKIIOYaeT BO3MOXHOCThH ydeTa

KOPPEISALUIA TIOTHOCTH KOMIIOHEHT.
wi'(r) =) xas ((en(r) — 37 .
B

31ech YIoBble CKOOKH TO-MPEXHEMY O00O03HAYaIOT YCPEIHEHHE IO COCEIHHUM C T

sTYEeHKaM.

(pp(r)) =D Ar, r)pp(r') = @p(r) + a’AV2pp(r). (17)

OObemMHBIE JONM TONMMEPA HAXOASITCS 4Yepe3 BBIYMCICHHE CTaTCyMM
G(rs, S|ry,s’) ormenmpHBIX menei. OTW  CTATCyMMbl MPEICTaBISIOT  COOOM
CTaTUCTHUYECKUN BEC BCEX BO3MOXKHBIX CIIyYalHBIX ONyXJIaHUW OT CErMeHTa C
HOMEPOM S, HAXOJMILEIOCH B TOYKE Ty, IO CETMEHTA S', HAXOUSALIEIOCS B TOUKE Iy

Kpome KOpOTKOIEHCTBYIOIIUX B3aUMOJEUCTBUI B MOJEIM BBOUSTCS TaKkKe
anekTpocTarndeckue. Ilpenmonaraercs, 4To Uisi TOTO, YTOOBI y4acCTBOBaTh B ITHUX
B3aMMOJICUCTBUAX, KaKJas MOHOMEpHas €IWHHIA JOJKHA HAXOTUTHCI B 0COOOM
3apaXCHHOM COCTOSIHUM, IIPU DTOM TO, YTO OHA SBISIETCS 3apPSDKEHHOW, HUKAK HE

OTPa)XaeTcs Ha €€ KOPOTKOAEHCTBYIOIIMX B3aMMONECHCTBUAX C OKpyxkeHueM. Ilycts
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MOHOMCpHas CAWMHHUIAa THUIIa A HaxXoauTCida B COCTOSIHHNU k, TOrga €ro nNoTCHIouaJIbHad

OHEPIHUsA B JICKTPHUUCCKOM II0JIC CCTh

4, (1) = evapt(r)
IIe ev4, — BeIIMYMHA 3apsiia 3TOr0 MOHOMEpa B cocTosHMM k (e — 3apsn

9JIEKTPOHA), 1)(T') — MOTEHIHAIT HIEKTPUIECKOro 1moJist, kp —IoCTOsiHHAsE BosbiiMana.
JluniiekTpruecKkasl MOCTOSIHHASI CPEJIbl € B MOJEJIM CUUTAETCS [MOCTOSIHHOM M paBHOM
80.

DNeKTPOCTATUYECKUIT MOTeHIMAN 1)(r) BBIYMCISETCS MO OOBEMHBIM JIOJSIM

KOMIIOHEHTOB ¢ 4%. ECii ¢(r) — IUIOTHOCTB AIIEKTPUYECKOTO 3apsiaa, TO

q(r) = GZZSDAkVAk,
Ak

1 u3 ypaBHeHus [lyaccona Haxomum 1) (r);

V(r) = _atv)

3

B AUCKPCTU30BaAaHHOM BHUJIC 3TO YPABHCHHEC 3alIMChIBACTCA KAaK

IIpucyrcTBHE 3aps0B HAKIAABIBAET €IIE OJHO, KPOME YCIIOBHSA HECKUMAEMOCTH,
TpeOOBaHME, a MMEHHO DJJIEKTPOHEUTPAJIBHOCTh CUCTEMBI KakK LEJIOro. OTO
TpeOOBaHUE YIOBJIETBOPSAETCS ABTOMATUYECKH 33JaHUEM TI'PaHUYHBIX YCJIOBHIA
Vo(r € rpanune siueiikun) = 0. Kpome TOro, B peajiucTuuHbIX MOJIEJSIX BCeria
YMECTHO CUMTaTb, YTO JIOKAJbHAs IUIOTHOCTb 3apsijia Ha I'PaHULIE PaBHA HYIIIO,
T Y. 4> p¢%Mva, = 0. Ha mpaktuke 3TO O3HAYaer, 4to OOBEMHAs OIS
OJHOIO TUIIA CBOOOJIHBIX MOHOB B T'PAaHMYHOM CJIO€ MOJATOHSETCS AJIi 00EeCIEeUEHUsI
IIEKTPOHEUTpaIbHOCTU. be3 HapymeHuss oOHOCTH OyAeM CYHUTaTh, YTO 3TO HOHBI
Na™.

Wrak, noreHuaibHasi dHEprus cerMeHTa tuna A, HaxoAsmerocsi B COCTOSIHUA

k cxknangpIBaeTCsl M3 TPEX 4YaCTeW: DHTPONMMHON COCTABIISIIONICH, MOPOXKICHHOU
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YCIIOBUEM HECKHUMAEMOCTH, KOPOTKOJIECUCTBYIOIIECH U ANEKTPOCTATHIECKOU

war(r) = o' (r) + uf' (r) + ufy, ().

2.2.4. bai1aHnc BHYTPEeHHHUX COCTOSTHMI

Kak yxe ynoMuHanoch, HEKOTOPbIE YacCTULBl B CHUCTEME MOTYT HAXOJIUThCS
B HECKOJIbKMX BHYTPEHHHMX COCTOSIHHUSIX, KOTOPBIE ONPENEIISIOT MX BIEKTPUYECKUI
3apsid. TakuMu yacTULAMU SIBIISIFOTCS, HAIPUMEpP, MOJIEKYJIbI BOAbI. Kaxkas moliekyna
BOJIBI MOJKET OBITh B TPEX COCTOSIHUAX C 3apsaaamMu +e, —e u 0. Bce 3T Tpu cocTosiHUS

HaxoasATCA B PaBHOBECCHUHU APYI C APYI'OM B COOTBCTCTBUH C YPABHCHUCM
Ky + _
HJIK, B TCPMHUHAX XUMHUYCCKHX INIOTCHIHNAJIOB,

2Apm,0 = Apm,o + Apon.
IIpenebOperasi akTUBHOCTSMH KOMITOHEHT, XMMUYECKHAE IMOTEHIMAJIbI CBSI3aHBI C WX
00BEMHBIMH JOJISIMU

Api = pii — 1} = kT Ing;,
rae ,u? — XAMHAYECKAM TOTCHIIHAT YUCTOU 2-Ol KOMIIOHEHTBI PacTBOpA.

KoncTtanTa paBHOBecHs peakiuu K, MO ONpeaeaeHuIo

2A — Aum.o — A ‘
K, = exp (_ HH,0 HH30 /~LOH> _ 90H3OSOOH.

kpT

AHAJIOTUYHO MOJICKYyJIaM BOJAbl AWCCOLNHALMUA IMPOUCXOJUT M C CCIMCHTaAMHU

2
YH,0

noJmmepa B COOTBETCTBUHU C peaKHHeﬁ

Kx
PH + H,0 = P~ + H;0%,

¥p-PH;0+
Ky="—"""—. (18)
YPHPH,0
KoHcTaHTa MOHM3alMM CErMEHTOB Monumepa K 4 UMeeT ciaeayromuil Gu3ndecKkuit

cMbicit. [lepenuceiBasi MocieaHee BBIPAKEHUE B BUJC /1-a = K ¥1:0/py,0, THE O —
CTEINEHb WOHU3ALMU MOJIMMEPA, MOXHO BUIETb, YTO POBHO I[OJIOBUHA CETMEHTOB

IOJIMMEPa MOHM30BaHA, KaK TOJIBKO ¥H30/pn,0 = K.
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2.2.5. HexoTopble TepMOIHHAMUYECKHE BeTHIHHbBI

Korzma camocorinacoBaHHO€ peLICHUE HaWIEHO, CTAHOBUTCS BO3MOXXHBIM HAWTH
CBOOOJIHYIO DHEpPrut0 cucrembl. Vcxomss u3 ITOMW BENMYMHBI, MOKHO HAWTH BCE
OCTAJIbHBIC TEPMOJAUHAMUYECKUAE BEITUYUHBI.

CBoOoHAs SHEPrUs MOXKET OBITh BRIpaKEHA Yepe3 00bEMHBIC T0JTH U IMOTCHITHAIIBI

CEerMEHTOB CIIEAYIOIHUM 00pa3oM

F 0,
kB—T :ZN In 6; —|—Z@Aklna(’“t ZL (PAk )uAk( )+
: Ak rAk

+5 ZL Jea(r)xas (¢5(r)) + 5 ZL )i(r).

rle

3/1ech MEPBBIE JIBA YJIEHA YUYUTHIBAIOT TPAHCISLIMOHHYIO SHTPOIMIO BCEX MOJABUKHBIX
MOJIEKYJI M DHTPONHIO paclpenesieHus dYacTul] 1o coctosiHusM. 6; — llomHoe
KOJIMYECTBO MOJIEKYJ 1-OM KOMIIOHEHTbI, [V; — JJIMHbI COOTBETCTBYIOLIUX MOJIEKYII.
Tperbe cmaraemoe — mpeoOpa3zoBanue Jlexanmapa nansg mepexoma B CBOOOTHOM
SHEPTUH OT MEPEMEHHBIX U4 (T) K HepeMEeHHBIM 4 (). [locienHne aBa crnaraembix
YUYUTBIBAIOT DHEPIUI0 B3aWMOJCHUCTBUA MEXKAY CIOSMH, KOPOTKOAEHUCTBYIOLIYH M
9JIEKTPOCTATHYECKYIO €€ COCTaBIsoIne. MHOXUTENb 1/2 yuuThIBaeT TOT (DaKT, 4To
B CYMMHUPOBaHHMM B3aMMOJIEMCTBHE KAXI0W Iapbl CJIIOEB YUUTHIBAETCS JIBAXK/bI.

Jlnst BeIUMCIieHUsT CBOOOIHOM DHEPIruu, CBS3AHHOW CO 3Be3/10M (M HE 3aBHUCSIIEH
oT 00beMa BCEH CHUCTEMbl), U3 IPUBEACHHOIO YpPAaBHEHHUS HEOOXOIUMO BbIYECTH
XUMHYECKUE MOTEHIMANbl BCEX HENPUIIUTHIX KOMIIOHEHT, MOMHOXXEHHBIE Ha HX

KOJINYCCTBA.

el Z Hin; — QPHMH:sO
1

31eCh B T10CIIEIHEM CIAraéMOM TAaK)KE YUUTHIBAETCS T€ MOHBI ruapokconus HzOT,
KOTOpPBIC TPEOYIOTCS I HEUTpaTu3alii HOHOTEHHBIX TPYII IS .
XAMHUYECKUN TTOTEHITHA MTOABMKHBIX MOHOMEPOB J1aeTcsi (popmyroit
out

Hi ou wl ou
kT =In i t+1 Z + 5 Z ! 5AZ)XAB (90 —(53%),
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e 04, PaBHO €IUHUIIE, €CIIM MOJIEKyla ¢ COIECPXKUT CErMEHT A, U paBeH Hy/IO B
IIPOTUBHOM CIIy4ae.
Tak kaK MOJIEKYJIBI BOJBI MOTYT HAaXOJIWUTHCS B TPEX COCTOSHMSIX, TO JJISI HUX B

IPUBEACHHYIO (OPMYILy CIIeIyeT TakKe BKIIOYUTH SHTPONMAHBINA wieH aff In afh .
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IJTIABA 3. PE3VJIBTATBI U UX OBCYKIEHUE

3.1. Kondopmanum oqMHOYHON MOJTHIJIEKTPOJIHTHOMN 3Be3/bI

B coorBercTBUM ¢ 1enbi0 pabOTHl K YHCIY OCHOBHBIX TOCTABJICHHBIX 3ajad
OTHOCWJIOCh MOJIEJIMPOBAHUE 3Be3]l U3 PH-UyBCTBUTEIbHBIX MOJIUIIEKTPOJUTHBIX
Jy4ed, WCCIENOBAHWE BIUSHUS KaueCTBA DPACTBOPUTENA, HOHHOM cwmibl U pH
pacTBOpa Ha BHYTPEHHIOK CTPYKTYPY OJWHOYHBIX 3BE31 W YCTAHOBIICHUE YCIIOBHM,

obecnieunBaroux (HOPMUPOBAHUE CTPYKTYP THIIA SIAPO—KOPOHA.

3.1.1. Pa3mep 3Be3abl. IPPeKT KOHIEHTPANUH COJIU

Ha Pucynke 11(a, 6) mpuBeaeHbI pe3ylbTaThl YHUCIEHHOIO pacuera paauyca
vHepUMM [, KaKk (yHKIHMM KOHLIEHTPALMU CONM @y s 3Be3n u3 M = 50 (a) n
M = 10 (06) nydei, KaxIpli u3 KOTOPHIX miauHOW Mo N = 250 MOHOMEpHBIX
3BeHbeB. Ha Pucynke 11(a, 0) mpuBeaeHbl 3aBUCUMOCTH JIJIs IECTU PA3HBIX 3HAYCHU N
napamerpa Onopu-Xarruuaca xy = 0.5, 1.0, 1.5, 2.0, 2.5.

Bepxuue (MoHOTOHHBIEC) KpuBBIe Ha Prcynke 11(a, 6) 1eMOHCTPUPYIOT TUITHYHOE
MOBEACHUE 3BE3]l, 00PA30BAHHBIX CHJIBHBIM MOJUIIEKTPOIUTOM C (DPUKCUPOBAHHBIM
3apsioM. B o0nactu ManbIX MOHHBIX CHJI pa3Mep 3Be3/bl Cl1ad0 yOBIBAa€T C POCTOM
ps. Ilpu CKEMJIIMHTOBOM MOCTPOEHUU (B JBOMHOM JIOTapu(MHUUECKOM MacTade)
pa3Mep 3BE3bl IPU MAJbIX (0; MPAKTHYECKU HE 3aBHCHT OT (g, YTO COOTBETCTBYET
ocMotudeckoMmy pexumy. [lpu OOnbIIMX ¢y HAYMHAETCS 3aMETHOE YMEHBIICHHE
R, c NOBBIIEHHEM (4, KAK 3TO M JOIKHO OBITH B CONEBOM pexume [27,42,43].
Bo BceM mHTepBane NpHBENECHHBIX 3HAYeHH ¢, R, MeHsics or 12N no 1/4N,
YTO YyKa3bpIBa€T Ha CHWJIbHOE HaOyXaHHWe 3Be3l, HE MEHSIOIMIEECS C YCHICHHEM
ruApodOoOHBIX B3aUMOACUCTBUHN (B paccMOTpeHHBIX mpedenax ¥ < 2.5). C pocrom
4KCIIa Jy4ed B 3BE3JIE€ yBEIMYMBAETCA pasmep 3Be3bl [7,. OTMeTHM, 4TO B HameM
pacuere cTerneHb MOHW3alUu He Obula (UKCMpoBaHa, ObLIa JUIIL 3a7aHa OobIIas

BeJIMYMHA KOHCTAaHThl MOHM3auuu: pK = 1, 4ro W oOecrneunBaIo MPAKTUUECKOE
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125

100

(a)

0
10° 10°° 107 107 0.01
(/8

100

'
4
,
11 1

o4y,

__________ (6)

0
10°° 107 10 107 0.01

Ps

Pucynoxk 11 — Paauyc unepuuu 38e31 uz M = 50 (a) u M = 10 (0) nyueit jyuHoi
N = 250 MOHOMEPHBIX 3B€3HBEB KaK (DYHKITHS KOHIICHTPAIIMH COJIH (g, IS
pa3nMYHBIX 3HAUYCHUU mapamerpa Y. Ha PucyHke npuBeneHsl Takke 3aBUCUMOCTH
pazauyca HHEPUUH 3BE€3]] U3 CHIBHOTO MoNudiekTpoiuTa (p/A = 1, MOHOTOHHBIE
KkpuBbie). [l ymoOcTBa conocraBieHus Bce KpuBble u3 PucyHka (a)

npoayOnupoBaHbl MyHKTUpOM Ha Pucynke (0).
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IOCTOSIHCTBO CTENEHW MOHM3ALMU B IIMPOKOM MHTepBajie pH, nmpesbimatomeM pA Ha
HECKOJIBKO €IMHMI] U BKJIIOYAIOILEM KaK 3a/laHHOe 3HadeHue pH = 7, Tak 1 MeHbIHe
3HaYeHUs JIOKaJIbHOTO pH BHYTpH 3BE3bI.

Jlpyrasi kapTuHa W3MEHEHWs pa3MepoB HAOIIOHAeTCsl JUIsl 3BE€37l, MOHOMEPHBIE
3BEHbsl KOTOPBIX JIETKO HOHU3ylTcs npu pK = 6. Kak yxe o0cyxnanoch B
pazaene 1.2, paguyc uHepuuu pH-uyBCcTBUTEIIBHON 3BE€3/1bl 3aBUCUT OT KOHLIEHTPALMU
COJIX B PAcTBOpPE HEMOHOTOHHO. OCHOBHOE KAaY€CTBEHHOE OTIMYHME IPOSBIIAECTCS B
007acT HU3KUX MOHHBIX cui [27,44,95]. Pasmep MOHM3YyeMBIX 3BE3/ B yKa3aHHOU
o0nacTd MUHUMAJIEH IPU HAUMEHbIIEM W3 HCCIEAOBAaHHBIX 3HaYeHH ;. C
MOBBIIIEHUEM (s OH CHadalia pacTeT, a 3aTeM, MPOXO/As Yyepe3 MaKCUMYyM, BBIXOAUT
Ha 3aBUCUMOCTb, XapaKTEpHYIO JUIsl 3B€3]] B COJIeBOM pekume. Hannune mokambHbBIX
MUHUMYMOB B O0JIaCTHM MajbIX (g SIBJIsieTCS apTe(dakToOM pELIEeTOYHOW MOJENU W,
Kak Oyier SICHO M3 JajbHEHIIEro M3JI0XKEHUs, CBA3aHO ¢ (JOPMUPOBAHUEM B 3BE3/1E
Mex(pa3HON IPaHUIIBI, TAK YTO MPOSBIIETCS TEM CUJIbHEE, YeM OOJIbIIIE X .

HeMoHOTOHHAsI 3aBUCMMOCTh MMEETCSI B 00OUX MPUBEACHHBIX CIydasx Kak JJis
ISATAIECATWIYYEBOM 3BE3Abl, TaK W I JECATHWIYYEBOM M IIPU BCEX 3HAUYCHMSX
napamerpa x. B oOmactu MayibIX HMOHHBIX CHJI pa3Mepbl 3aBHUCSIT OT BEITUYUHBI
ruApoOOHBIX B3aMMOJEHCTBUI. YBEIMUYEHHUE Y MPUBOAUT K YMEHBIICHHUIO pa3mMepa
U CIBUTY IEPEXOJIa K COJIEBOMY PEXHUMY, B CTOPOHY OOJIBIINX KOHLEHTPALUN COJIH.
CorocrapiieHre pa3MepoB 3BE3/] U3 PA3HOIO YMCIIA JIyYEl 11OKa3bIBAET, YTO B 00JIACTU
MaJlbIX MOHHBIX CUJ pasMmep y 3Be3n ¢ M = 50 Mensie, uem y 3Be3n ¢ M = 10.
B coneBom xe pexxume (mpaBbie yactu Pucynka 11(a, 0)) HabmromaeTcss pazymHOE
cootHomenne R,(M = 50) > R, (M = 10).

HemonoTOHHOCT 3aBUCHUMOCTH R,(¢5) B MOHU3YyeMBIX 3Be3lax OOBACHSAETCS
T€M, YTO MOOWIbHbIE HMOHBI COJM OKa3bIBAIOT JBOMCTBEHHOE JEHCTBHE Ha
HOJIMAIEKTPOJUTHYIO 3Be31y. C OJIHOW CTOPOHBI OHU BBITECHSAIOT M3 €€ BHYTPEHHEU
oomactr wonsl H3OT, moBbimas nokamsHOe 3HaueHne pH © yBenWumBas TeM
CaMbIM €€ CTeleHb MOHM3auuu «. C Jpyroil CTOPOHBI, KOTAA JIOKAJIBHOE 3HAUYCHHE

pH cranoBurcs paBHbIM 3HaueHHWO pH B OKpyKarOUmeM pacTBOpe, U CTEIECHb
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MOHM3AIMA 3BE3bl JOCTUTACT HACHIIICHUSA, €€ MOBEICHUE B PACTBOPE CTAHOBHUTCA
AHAJIOTUYHBIM MOBEJAEHUIO 3BE€3/IbI U3 CUJIIBHOIO MOJMAIIEKTpoanuTa. CpeHsis CTEIEeHb
MOHUW3AIIAA 3BE3]IBI (v B 000UX CITydasx JIaeTCs CICAYIOIMNM BhIPAKCHUEM (CM. TaKkKe

ypaBHeHue 28 pazaene 3.2.2)

(19)

[Ipn sTOoM, B MEpPBOM Cilydyae OCMOTHYECKOE JABJIICHHE HOHOB COJHU OMNpPEIEISeT
HOJUDJIEKTPOJIMTHOE HaOyXaHWE 3Be3/bl, TaK YTO, 4eM OOJbllle MOHOB COJM B
pacTBope, TeM CHiIbHee ee noHu3auus u HaOyxanue. Bo BTopoMm ciiydae panbHelinee
n00aBJIEHUE COJIM B PACTBOP BEAET K YPAaBHUBAHUIO KOHIEHTPAIMl MOOMIIBHBIX HOHOB
BHYTPU U CHapYXk U 3BE€3/bl U K YMEHbBILIECHUIO TOJUIEKTPOIUTHOTO HAOyXaHUI.

[Ipn npenenpbHO MaJloW KOHIIEHTpamWu coidu (Min B OECCOJIEBOM pacTBOpE)
M JIOCTaTOYHO CWJIBHBIX TUAPOGOOHBIX B3aUMOIEHCTBUSX 3BE3/1a IOJHOCTHIO
ckoJutaricupoBaHa. B paccMoTpeHHOM ciyudae Takas ioOyssipHas KoHQopmauus
obpasyercs npu ¢, = 107 m y = 2.5. Pasmepsl m00y1 OKa3bIBAKOTCA
NPUOTU3UTENIFHO PaBHBIMH pa3Mepy IIOTHOW dYacTulbl chepuueckoid (Gpopmsl,
cocrosimieid u3 N X M gactuu. SIcHO, 4To pocT M NPUBOIUT K YBEIIMUYECHUIO paauyca
MHEPIUHN Takol Io0yisl. [1pn O0nbIMX HOHHBIX cuilax B 00nacTu yobiBaHUs R, (ps)
3Be3/la pa3BepHYTA.

JlaHHasi HEMOHOTOHHAsI 3aBUCUMOCTH Pa3MEpOB 3BE3]l YHHBEpCalbHA ]IS BCEX
Pa3BETBIIEHHBIX MOJUAIEKTPOJIUTOB, XOTS M 3aBUCUT OT CTENEHH Pa3BETBICHHOCTH.
Tak, u3 comocraBnenust PucynkoB 11(a, 6) BHAHO, YTO yMEHBIIEHHWE KOJIWYECTBA
JTy4eil BeIeT K CIBUTY MaKCHMyMa 3aBUCHUMOCTH R,(y;) B 001aCTh MEHBIINX HOHHBIX
cui. [Ipu 3TOM siICHO, YTO MpPU NEPEXOE OT 3BE3/bI K JUHEHHOMY HOJIUIIEKTPOIUTY
(M = 1) 3TOT MaKHCMYyM BBIXOAWT 3a T'PAHMIIBI PA3yMHBIX 3HAUCHUN MOHHBIX CHIIL.

OcobeHHOCTBIO KOH(pOpMAIH 3Be3/1bl B 001acTn pocta R, (y,) U Mpu JOCTaTOYHO
BBICOKOM 3HAUEHUH Y SIBJISIETCS COCYIIECTBOBAHUE B 3BE3/IE ABYX MUKpOda3, MIOTHOM

U Pa3peKEHHOM, T. €. 3B€3/a NPEACTABIISIET CO00N YHUMOJEKYISIPHYIO CPEepUUECKYIO
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Munemny (kBasumule/uty). B mocnemyrommx AByX mompasaenax OyaeT MoapoOHO

ONMCaHa BHYTPEHHSSA CTpyKTypa 3Be31bl u3 M = 50 nyueit no N = 250 3BeHbEB.

3.1.2. Kpazumuue/uispHasi KOH(pOpMaLus

Ha Pucynxe 12 (a, 0, B) n300pake€Hbl paguaibHOE paclpeneseHne IMIOTHOCTH
nosmmepa (r), pacrnpeneieHne CBOOOIHBIX KOHIIOB BETBEH (penqs(T), W CTENEHBb
voHm3anuu «(r) 3Be3mbl, pu y = 1.5. Kaxknas kpuBas oTBe4aeT OJHOI TOYKE
3aBucumoct R, (yps) npu x = 1.5 (Pucynok 11(a)). LIBeTHbIMH JIMHUSIM OTOOPAsKEHBbI
xoH(opMauy, peanusyomuecs npu o, = 1075, 107* u 1072, coorsercTsyromue
TOYKH 3aBHCUMOCTH R, ({5) MOMEUYEHBI IIBETHBIMH CTPENKaMy. TOHKHE YepHbIS TNHUH
0TOOpaxaroT KOH(POPMAIIUU 3BE3/IbI IPU IPOMEKYTOUHBIX 3HAUYCHUAX (D;.

B 3aBucumMocTM OT 3HaueHUsI s KpHUBbIe Ha Bcex Tpex Pucynkax 12(a, O,
B) pa3densitoTcs Ha jJBa HaOopa. Tak, Hampumep, MpU BBICOKUX g Tpoduim
nosimMepHor 1uiotHOcTH (Pucynok 12(a)) xapakrtepusyroTcsi IUIaBHBIM CIIAJIOM H
ONMUCHIBAIOT KOH(pOpMaluio ofHO(pa3HOW HaOyximed 3Be3bl, a IPU HU3KUX (D
npo@uiIM IJIOTHOCTH MUMEIOT BBIPAXKEHHOE IJIATO BOJIM3M LIEHTPA 3BE3/lbl U PE3KYIO
TPaHMILy, OTACNSIONIYI0 IIOTHYH 00NacTh B IHEHTpe (SApO) OT pa3pekeHHOW Ha
nepudepun (kopona). Ilocaenanii HaOOp KPUBBIX OMUCHIBAET T. H. ABYyX(a3HbIC WIH
KBa3UMULEIUISIPHbIE KOH(DOPMALIUU 3BE3/IbI.

ITo mepe pocta ¢, pazmep (a3bl siApa YMEHbBIIIAETCS, U BbBIIIE OMPENEIEHHOTO
3HAQUEHUS MOHHOW CHJIBI SIIPO MCYUE3aeT, 3Be€3/]a CTaHOBUTCS ofgHO(pa3Hou. B obnactu
Mexay o, = 107* u 1072 umeercs nepexosx Mexmy AByx(pasHbIMU U OAHO(AZHBIMU
KOH(pOpMaLUSIMU.

PanuanpHOe pacnpeseieHne KOHIIEBBIX CETMEHTOB SIBJISIETCSI WHTEPECHBIM U
BaXKHBIM CBOMCTBOM 3BE3/Ibl, KOTOPOE MOXET OBbITh JIETKO MOJIYYEHO B paMKax METO/a
CxoitteHca—®nupa, HO HE C IMOMOUIPIO AHAIUTUYECKOM Teopuu. Kak BHUIHO H3
Pucynka 12(6), npyu HM3KON KOHIIEHTPAIMU COJIA 3TO PaclpeieNieHne MPeACTaBIECHO
JABYMsI IMKAMH C XOPOLIO Pa3jIMuMMOM «MEPTBOW» 30HOM MEXIY HHUMH, B KOTOPYIO

KOHIIBI LIeTIEN MpakTuYecKu He nonaaarT. OauH MUK PacIioiokKeH B IIIyOWHE 3BE3/IbI,
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Pucynok 12 — OGwbemHast noss nonumepa ¢(r) (a), pacrnpejeieHne KOHIIOB Ienei
Yends(T) (0) 1 crenenn noHu3zauu «(r) (B) NOJIMIIEKTPOIUTHOMN 3BE3/bI, KaK

(YHKIIMHA OT pacCTOSHUS OT IIEHTpa r IS pa3InyHbIX 3HaUeHUH ¢,. [Tlapamerp

Onopu—Xarruuca y = 1.5.
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B fAJIpe, B TO BpEeMs KakK JPYroM pacrosaraercs: OJmKe K ee Kpar. ITH 1Ba MaKCUMyMa
TOBOPST O HAJIMYMHU JIByX Momyssiuuil neneit. Bmecre ¢ rem u3 Pucynka 12 (B) BuzHO,
YTO B KBA3MMHIICIUISIPHOM COCTOSIHMH 3Be37]a B BOJIM3W €€ IIEHTPa MPAKTUYECKH He
3apshKeHa, U3 Yer0 MOXKHO CJIeaTh BBIBOJ, YTO B KBAa3MMHIICIUIIPHOM COCTOSIHUH
KakJ1asi BETBb 3BE€3/1bI TM0O C1a00 MOHM30BaHa, TOT/Ia OHA KojutancupoBana (y = 1.5),
1100 OHA CWJIbHO MOHU30BaHA M, COOTBETCTBEHHO, CUJIbHO PACTAHYTA. AHAJOTUYHOE
pasenieHne lened Ha JBe TPYIIbl Yyxe HaOMoganoch B MOICIUPOBAHUHM B
IIOJTMMEPHBIX 3Be3/1aX U meTkax [73,74,85].

N3 comocraBnenuss tpex PucynkoB 12(a, 6, B) MOXXHO H3BJI€Yb OCHOBHBIE

CBOMCTBA KBa3MMHUILICIUISIPHON KOHpOpMaru 38e31bl. UTaxk,

® KBASMUMULCIUISIPHAA 3BC€3/1la COCTOUT U3 ABYX O6JIaCTef/'I, CHJIBHO OTJIMYAaKOMIMUXCs

JApyr OT Apyra 110 CBOMM CBOMCTBAaM,

UMEETCsI pe3Kasi TpaHuIla, pa3Aelisaronias 3TH ABe o0macT, Ha ¢asy siapa ¥ Ha

(da3zy KOpOHBI,

® [OJIMMEPHAs IUIOTHOCTh B siipe MOCTOsiHHA (¢ ~ 1) U HE 3aBUCUT OT MOHHOM

CUJIbI,

daza siapa mpakTUYECKH HE 3apsiKeHa, B TO BpEMs KaK KOpOHa 3apspKeHa MOUYTH

TaK € CWIbHO, Kak KopoHa oxgHoda3Ho# 3Be31bI (Pucynok 12(B)),

® C POCTOM (p; OOBEMHasl JI0Jsl MOJUMepa B KOPOHE PACTET, YTO BHIPAKAETCS B
YMEHbIICHUU BEJIMYMHbI CKayKa IOJIMMEPHOM IUIOTHOCTUM Ha I'paHULE pasjelia
¢da3 OT HECKOJNBKUX IMOPSIKOB BEIMYMHBI TIPH Oy = 1075 1o ommoro MopsijiKa

mpu p, = 1074,

e CrajJ; IOJMMEPHOW TUIOTHOCTH B KOPOHE HWMEET CTEIEeHHYI0 3aBUCHMOCTH
—2
@ ~ r~“ (Pucynok 12(a)). ITOT cmag COOTBETCTBYET NpPEACKa3aHUSIM TEOPUHU

CKEMJIMHIA JJIs1 TOJIMAJIEKTPOJIUTHBIX 3BE3/1 IIPU HU3KOM MOHHOMU cuiie [4,26].
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Jlnst Toro, 9To0BI [MOKa3arh, KaK MHOTO IIEeil y4acTBYeT B (POPMUPOBAHMH SApa
1 KOpoHBI Ha Pucynke 13(a) mpuBeneHO paclpeae/ieHHe KOJUYeCTBa KOHIOB Iemeit
Nends(T), TO €CTh TUIOTHOCTh MX PACTPENCNICHUS (epqs(T), YMHOKEHHAs Ha 00beM

COOTBETCTBYIOIIETO CHEPUIECKOTO CIIOA.

nends(r) - L(T)Spends(r) ~ 47T7“290ends(7“)- (20)

BuHo, 4TO BBICOTA BHEILIHETO MAKCUMYyMa IOCTENIEHHO MOHOTOHHO YMEHbILIAETCS
C YBEJIMYECHHEM (g, B TO BpEMsl KaK IOJOXKEHUE HTOTO0 MAaKCUMyMa MEHSETCS He
MOHOTOHHO. KOHIIEBBIE CErMEHTHI «OTXOAAT» OT LIEHTPA 3BE3/IbI IPU HU3KOW MOHHOM
cuite ¢, € [107% 1071 u Bo3BpamaroTcs Ipy KanbHEHIEM €€ YBEIHYEHHUH.

ITpu HauMeHbIEH KOHLEHTPALMKU COJIM, MCIOJIb3yeMoii B pacuerax ¢, = 1070,
MPAKTUYECKH BCE LIETIM HAXOMASTCS B SAJIPE U TOJBKO HECKOJIBKO IENel, OCTaBIIUXCS
CUJIbHO BBITSHYTHIMH, (DOPMUPYIOT 3apspKeHHYHO KOpoHy. C yBEeIMYEHHUEM HOHHOMU
CUJIbl IIOCTENIEHHO Bc€ OoJblie W OoJible ULenel MOKUAAeT SAPO BIUIOTh 0
JIOCTHIKEHHsI 3HAYEHMs KOHIEHTpaluH coMu ¢, = 1074 mpu xoTopoM IpuMepHO
MOJIOBUHA Jy4el 3Be3/bl y4acTBYeT B (POPMHUPOBAHUU sJIpa.

[Ipn nanbHeilIeM YBEJIUYEHUU s AP0 HcUe3aeT U KOH(OpMalUs 3BE3/bl
ctaHOBUTCST oxHO(a3zHoW. PacnpeneneHne KOHIIEBBIX CETMEHTOB CTaHOBUTCS

yaumoanbabiM (Pucynok 12(6) u 13(a)).

3.1.3. HaO0yxmasi koH(popManus 3Be31bl

JUist JIydiliero MmOHWMaHUs MPUPOABI MUKPO(A30BOrOo paccioeHusi B 3Be3j€ B
YCJIOBUSIX IUIOXOI0 pacTBopuTelis, pu Y > 0.5, npuBeaeM aHajioruubie Pucynky 12
rpaguku IS 3Be3Obl B YCHOBHAX, korma Y = (.5, mpu 3TOM Uil BeTBEH
3Be3/bl B HE3aPSDKEHHOM COCTOSIHMM 3TO OyayT 6-ycioBusi. DTOT ciy4yaill yxe Obul
paccmotpeH B pabore [50]. Ha Pucynkax 14(a, 6, B) mpuBeaeHbl NpoQHIIA IIIOTHOCTH
nosumepa (1), pactpenesieHrne cBOOOIHBIX KOHIOB (e qs(T), U CTENIEHb HOHU3AINN
a(r) 3Be3gpl. CHOBa Kaxiaas KpuBas Ha PHCyHKax COOTBETCTBYET OJHOW TOYKe

3aBucumoctu Ry(p;), HO yxe st ciaydas y = 0.5 (Pucynok 11(a)). IlBernsble



66

Pucynok 13 — PagmanpHOE pacmpenenieHne KOJIN4IeCcTBa KOHIIEBBIX CETMEHTOB
Nends () TOTHAIEKTPOIUTHOMN 3Be3/ibl. (a) B yBennueHHOM Mmaciitabe pHBEISHO
pacmpeeneHre KOHIIOB (ITOJTHAs KapTHHA pacIpeeeHns IPUBEIeHa BO BCTABKE)
npu x = 1.5 u (0) mpu y = 0.5. Kaxmgoe pacnpenenenre cOOTBETCTBYET OTHOM

TOUYKE KpPUBBIX JUJIsi cinydast Y = 1.5 u x = 0.5 Ha Pucynke 11.
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nuHun Ha Pucynke 14(a, 6, B) oTMeUdeHBI IIBETHBIMH CTpenkamMu Ha Pucynke 11(a).
Jlnst HelTpanbHOM 3BE37bI B ITOM CIydae BOJA OKa3bIBae€TCS (-pacTBOPHUTENEM,
B3aMMOJICHCTBUS MCKIIFOUEHHOTO 00beMa komnieHcupyoTcs: Ban-nep-BaanscoBeivu 1,
CJIeI0BaTeNbHO, O0JbIIIe HET KOHKYPEHIIMU MEXAY OObEMHBIMHU B3aUMOJICUCTBUSIMU U
AJIeKTpOCcTaTUYeCKUMH. Tak Kak OoJibllle HET CUJI MPUTSKEHUs, T0 (HopMuUpoBaHUE
100YyJISIPHOrO Si/ipa CTAHOBUTCS HEBO3MOXKHBIM. TeM He MeHee KOH(pOpMaluuOHHOE
IIOBEJICHHUE 3BE3/bI COXPAHSIET OCHOBHBIC YEPTHI.

bonee Toro mpW BHICOKOW KOHIIEHTPAIIMM COJK, KOH(MOpPMAIIUU 3BE3IIbI
OKa3bIBAIOTCSl HEUYBCTBUTEIBHBI K MapaMeTpy TuapodoOHOCTH, TaK YTO U MPU X =
1.5 mw mpu xy = 0.5 3Be3ma HaxoguTcss B HalOyxmieM omaHO(GA3HOM COCTOSSHUHU (Cp.
Pucynok 13 (a) u (6)), a Bce 3aBucumoctn R,(ps) Ha Pucynke 11(a) cxomsrcs
B onny. M3 PucynkoB 12, 14, 13(a, ©6) BUAHO, YTO IOBEIEHUE KOPOHBI 3BE3JIbI
OJIMHAKOBO B 00ouXx ciyudasix, kak npu Y = 0.5, tak u npu xy = 1.5
PanuaneHbli CIaj HOJMMEPHON IUIOTHOCTH CIEAYeT CTEIEHHOMY 3aKOHy ¢ ~ 7 2,
YTO XaPaKTEPHO JJIS MTOMUANIEKTPOIUTHOM 3BE3/bI B YCIOBUSAX BBICOKOM MOHHOW CHUJIBI.
Kak n3BecTHO, 3TO CBSA3aHO C TEM, YTO B PEKUME BBICOKOM MOHHOW CUJIbI IOMUHUPYIOT
AIIEKTPOCTATUYECKUE B3auMoencTBus [43,44].

Kondopmanusi 3Be3abl  OKa3biBaeTcsi HauwOoliee  CIOXKHOM IMpU  HU3KOU
KOHLIEHTpaluu coiu, ¢, = 107%. B 2T0M cilydae OCHOBHAs YacTh HOIMMEPA 3BE3/IbI,
0COOCHHO BOJIM3M €€ LIEHTpa, He3apspKeHa, B pe3ysibrare 4yero pajuajibHblil craj
IJIOTHOCTH BO3JI€ IIEHTPA 3BE3/bl OKA3bIBAETCS IPUOIM3UTENLHO PABHBIM 0 ~ 7 L,
YTO XapakTepHO /JIg HEUTpanbHOW 3Be3Abl B 0-ycioBusix. Kpome He3apsHKeHHBIX
Jdy4yell B 3B€3ll€ UMEETCS TakKe HEOOJIbLIOE YHUCIIO 3apsKEHHbBIX LeNel, KOTOphIe
COXPaHSIOT CBOMCTBEHHOE MOJUAJIEKTPOJIUTAM MOBEICHHE U (POPMHUPYIOT BHEIIHIOIO
o0osouky 3Be3npl. Hanuuwe 31Ol 000JI0UKM MOXXHO BHUIETh W3 pacipeesieHus
KOHIIOB 1enei Ha Pucynkax 14(6) u 13(0), xoropoe oOka3bIBaeTcsi camo IO cebe

OYeHb IITUPOKUM, OJHAKO SIBHO COACPKAIIMM IIJIY0 BO BHEITHEH oOmacTu. ITo

IJIEY0 KaK pa3 W OTOOpakaeT HaIudue 3apsDKCHHBIX BETBEW 3Be3nnpl. Kak BHAHO U3
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Pucynok 14 — O06wbeMHas nons nonumepa ¢(r) (a), pacripeaeneHne KOHIOB lenei
©Yends(1) (0) 1 crenenn noHm3auu () (B) HONUIICKTPOIUTHOM 3BE3/bI, KaK
(GYHKIUH OT PACCTOSHHS OT LEHTPa T IJIs Pa3InYHbIX 3HaYeHul o . [Tapamerp

®nopu—Xarrunaca y = 0.5.
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Pucynka 13(6) npu ¢, = 10~% npubnusuTensHo neBATH TEPMUHANBHBIX 3BEHLEB U3
ISATUAECATH PaCIpPEesICHbl BO BHEIIHEH 00IacTU KOPOHBI 3BE3/IBI.

B ciyuae f-pactBoputens B 3Be3ne HeT (a30BBIX NMEPEXOA0B U MHKPO(}HA30BOTO
paccioenus [50]. I3 PucynkoB 14 u 11 BugHO, 4TO BCe KOH(GOPMAIIMHU 3BE3/IbI MPU
X = 0.5 U3MEHS0TCS MIABHO C U3MEHEHNEM KOHIIEHTPAIUU COJIU. XOTsI 3aBUCUMOCTD
R,(¢s) 1 HE MOHOTOHHA, OHA, TEM HE MEHEe, He COAEPIKUT HUKAKUX PE3KUX CKA4YKOB.
IIpu y = 1.5, omHaKO, HA 3aBUCUMOCTH Rg(gps) UMEETCs JIB€ BBIpaKECHHEBIE 00JIaCTH,
pa3JeNeHHbIe CKAYKOM 3HAa4eHWH [7;, 1 BENMYHMHA CKayka MEXIy HUMH CTaHOBUTCSA
TeM OoJjiee pa3iuuuMa, 4eMm OoJbIe .

Bo3moxHocTs Mukpo(dazoBoro paccioeHus: B ruipoPpoOHON MOIUINEKTPOIUTHON
3BE3/Ie SIBJISIETCS KIIFOUEBOM €€ OCOOCHHOCTHIO. JTa €€ OCOOEHHOCTh paccMOTpeHa
B CJICJYIOIIEM pa3jelie B 3aBUCHMOCTH OT IapaMeTpPOB PacTBOpPa M CBOWCTB CaMOW

3BE3/IbL.

3.1.4. Mukpogda3zoBoe paccjioeHHe B MOJIUNIEKTPOJUTHON 3Be3/1e

dazoBas guarpamma Ha PucyHke 15 jpaer npeacraBi€HUE O COCTOSHUU 3BE3JIbl
B 3aBHCHUMOCTH OT TapaMeTpoB Y H . Ha 3Toii ¢a3oBoii amarpaMme COCTOSHHE
3BE€3/Ibl XapaKTEePU3YyeTCsl HACHIIIIEHHOCTHIO YEPHOTO I[BETAa COOTBETCTBYIOIIEH TOUKHU.
«HepHOTa» TOYKH MPONOPLMOHATIBHA KOJIMYECTBY KOHIIOB IMOMABIIMUX B SAPO M ype.
Tak urto Oempie obOmacty Ha (Ha30BOM JuarpaMMe COOTBETCTBYIOT OAHO(A3HOUN
HaOyXIel 3Be3/1e, a YePHbIE — MOJIHOCTHIO CKOJUIANICUPOBABIIE. SICHO BUIHO, 4TO
epexoa MeXIy STUMU JIByMsSI COCTOSIHUSIMH DPa3MbIT, TaK YTO MPOIECC Kojularca
POXOJUT IMOCJIEI0BATEIIBHO Yepe3 HAOOP MPOMEKYTOUHBIX MOJIYKOIAIICUPOBAHHbBIX
COCTOSIHMH, KOTOpBI€ Oy/ieM Ha3bIBaTh KBa3WMHUIICIIJIAMHU.

Ha Pucynkax 16 u 17(a, 0) mpuBeAeHb TOPU3OHTAIBHBIA M BEPTHUKAIbHBIE
cpessl (pazoBoi nuarpaMmbl 15. Ha 3TuxX cpe3ax JTHHUH IOMEYEHHBIE KPECTHKAMHU —
KOJIMYECTBO KOHIIOB Ierei, KoTtopble momaim B sapo M., = MBy;. Jluaum
MIOMEUYEHHBIE TJIF0CAMH — JIOJISI 3BEHBEB 3BE3/1bl, MOMABIINX B AP0 Neore /N = M fy.

By M By — COOTBETCTBYIOIIME JOJM KOHIIOB L€ M BCEX 3BEHBLEB 3BE3[IbI,
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MOMABIIKX B sAPO. MexXay 3TUMH BETUUYAHAMHA UMEETCA CTporasi koppensiuus. Mexons
13 aKTa HAJIMYHS ITOM CTPOroil KOPPEISAIUH, MOXKHO IIPEIIOKUTH MOJITb KOJUIanca,
B KOTOPOU $1JIpO KBa3UMUILIEIUIBI COCTOUT U3 MTOJHOCTHIO CKOJJIATICUPOBABIINX JIy4Yel U
MPOXOJSAIINX HACKBO3b YACTEH JIyuel KOPOHBI, HAJTUYUE KOTOPHIX B SIIPE OOBSICHSIET,
noyemy BenuduHbl M, HEMHOTO CIOBHHYTBI OTHOCHTEIBHO N,o-./N. CpaBHeHHE
cpe3oB Ha Pucynkax 17(a) u (0) noka3bIBaeT, 4To MPU MPOMEKYTOUYHON MOHHOM cuiie,
npu p, = 1074, popmMupoBaHKe A1pa TPOXOMUT MOCTENEHHO ¢ M3MeHeHueM . Ilpu
HU3KOM e MOHHOM cuite v, = 2.5 x 107% aT0oT Mponece MPOUCXOIUT Pe3Ko, IIPU ITOM
KOJUTAIICUPYIOT MPAKTUYECKU BCE JIyUd Cpa3y. 3aBUCUMOCTh XapaKTepa KOJUIarca OT
KOHIICHTPAIMHU COJIM BUAHA U Ha caMoi (a30oBoi auarpamme Pucyrok 15, rae rpannia
nepexojia MEXJly Pa3BEpHYThIMU U KOJUJIAIICUPOBAHHBIMU COCTOSIHUSIMU CTAHOBUTCS

BCe 00JIee pa3MbITON C YBEJIMUYEHUEM KOHUEHTPALMU COJIH.
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Pucynok 15 — ®azoBasi auarpamMmma B KOOpJIMHATAX X — (g, WUIHOCTPUPYIOLLIAS

epexo MEeX1y COCTOSTHUSIMU HAOyXIed 3Be3/1bl U KBa3UMULICIUIApHON. Benmunna
3aTEMHEHUS KAXKIO0M AYEUKU COOTBETCTBYET KOJUYECTBY MOIABIIUX B PO KOHIIOB
neneid. YepHas 061acTh COOTBETCTBYET MOJHOCTHIO CKOJUIAIICHPOBAHHOM 3BE3JIE, a

Oenas 001acTh COOTBETCTBYET OHO(DAa3HBIM KOH(MOpMaIusiM 6€3 siapa.
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Pucynok 16 — Beprukanbnbiii cpe3 ¢pa3oBoi nuarpammbl Pucynok 15
COOTBETCTBYOIMN Y = 1.5. UeThpe npuBeneHHBIE 3aBUCUMOCTH COOTBETCTBYIOT
YeThIpeM KOH(POPMAIMOHHBIM KapaKTEPUCTUKaM, a UMEHHO, M .,.. — KOJIMYE€CTBO

CBOOOIHBIX KOHIOB B sifpe, Neore/N — 1011 MOHOMEPOB 3BE3/1bI [IOMABIIKX B S/PO,
3 3NCO7'€
Reore — pamuyc sipa v BETMYMHA |/ =2,

Touku 3aBUCHMOCTH, 0003HAUEHHBIE KPYXXKKaMH W KBaJpaTHKaMHu Ha PucyHkax
16 m 17(a, 6) mpencraBisitoT cO0OM BENWYMHY pajuyca sapa W Ty Ke BEIUYHHY,
pacUMTaHHYIO B MPEANOJIOKEHUH, YTO TUIOTHOCTD MOJMMEpPA B SAApE paBHA EAMHUIIE,

%Ncore)l/ 3 coorBercTBeHHO. OO€ BENWYMHBI JAIOT OUYEHb [TOXOXKHE

TO ecThb (;

pe3yabrarel. MHTEpeCHO, 49TO 3aBUCUMOCTh Rey..(X) HEMOHOTOHHA MNpPU HHU3KOM
MOHHOM cuie, ipu p, = 2.5 x 1079 u monoronna npu Gonee Beicokoit ¢, = 1074
D10 OOBSACHSETCS T€M, YTO, XOTS IPU HU3KOW MOHHOW CHWJIE MPOLECC Kojularnca u
Oonee xoomepaTuBeH, (HOpMUPYEMOE SIPO OKA3bIBAETCS HECKOJIBKO MEHEEe IIIOTHBIM,
YEM IPHU BBICOKHUX (s.

SIcHO, 4TO mpouecc Kojarnca I0JHDKEH 3aBUCETh OT KOMIIO3WIIUM 3BE3]IbI, TO €CTh
ot jumHB ee aydeit N u ux koimuectBa M. Ha Pucynke 18(a) mpencrarnena mons

By KOHIIOB, TMOMABIIMX B SAPO, Kak (QyHKOMs ymcna jydedl M mis pa3audHbIX
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Pucynok 17 — TopuzonTansHbie cpe3sl (a3oBoi quarpammbl Pucynok 15. YeTsipe

BCIIMYMHBI, ITIPUBCACHHLIC HA PI/IC}’HKC 16, OTJIOXKCHBI KaK (1)YHKHI/II/I Ka4yeCTBa

pactBopurens . (a) Ipu ¢, = 10~* u (6) mpu ¢, = 2.5 x 1075,
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mme N = 100, 250 u 500, npu ¥ = 1.5 u ¢, = 10~% Yem Gombme miuHAa
uerneit N, TeM MEHee KOOIEPaTUBHO MPOUCXOAUT BTATUBAHUE JIyYEH B SIAPO, TO €CTh,
TEM MeHbIe oM [);. B To ke Bpems mpw 3aJlaHHOW JJIMHE JIyda J0JIsI KOHIIOB
B sijpe pacteT ¢ poctoM M. B cremyromem paszienie OyaeT paccMOTpEHa JIETalIbHO
[pUpoAa 3TUX 3aBUCUMOCTEH, OCHOBBIBASICb HA APryMEHTax TEOPUM CKEMJIMHra u
camocoracoBaHHoro noisi. C pocrom M ucciiengyemasi cucrema Bce 00siee HaUMHAEeT
MOXOJUTH Ha TUIOCKYIO IIETKY, YeM Ha 3BE31y, MOATOMY IIpH JIF060M /N 3aBHCHMOCTH
() BBIXOAUT HA ILIATO.

Ha Pucynke 19 B 1BoitHOM norapudmudeckom Macmrade npuBeaeHa 3aBUCUMOCTh
paavyca MHEpLUHH 3BE3/bl U3 25-1 yueld oT IuHbI iyderd N npu Y = 1.5 U pa3HbIX
3HAQUEHUSX KOHIIEHTpAIMU COJIn 4. [lpw HambOomiblield KOHIEHTPALMHU CONH, 0y =
1072, pa3mep 3Be371bl TIOJHOCTHIO ONPEJIENAETCs NIEKTPOCTATUUECKAM UCKITIOUEHHBIM
00BEMOM, TaK YTO ATA 3aBUCUMOCTh OKa3bIBAETCS IOIOOHOM TOM, YTO XapaKTepHa JJisi
HEUTPaATHHON MOTUMEPHOM METOYKH ¢ UCKIIFOUEHHBIM 00BeMOM (TO €CTh B XOPOIIIeM
pacTBOpHUTENE), & UMEHHO [, ~ N 3/5. 3ameTuM, 4TO M camu KOH(GOPMALHUU 3BE3J,
npuBeneHHbie Ha PucyHkax 14 u 12 npu BBICOKOM KOHUEHTPALMU COJIH, MOXO0XKH
Ha KOH(pOpMaIMi HEUTPAbHOW 3BE3/IBI B XOPOIIEM PACTBOPHUTENE, JISI KOTOPHIX

XapaKTePeH PaJuallbHbIM Clajl IJIOTHOCTH HouMepa ¢(1) ~ 12

, KOJIOKOJIOOOpa3HOe
pacrpejieJieHle KOHIIOB, a TaK)K€ MEpPTBasi 30HAa B UX paclpeeseHn BOJIU3U IIEHTPa
3Be31bl [26]. IIpy HpPOMEXKYTOYHOM 3HAUYEHUU KOHLEHTPALMU COJIU, LPpU Y, =
10~%, B 3aBHCHMMOCTH pajgMyca HHEpPIHH R,(N) MOXHO pa3INYUTh 1Ba PEXHMa
noBeneHus. IIpr JOCTAaTOYHO HU3KOM CTENEHW NoJuMepusanuu Jiyded N 3Be3na
IPAKTHYECKH ITOJTHOCTHIO CKOJUIAIICUPOBaHA M MPEACTaBIseT cOOOM IUIOTHBIM IIap,
cocrosimui u3 M N MOHOMEPHBIX 3BEHLEB, TaK 4TO I, ~ N 1/3, [1pn ouens GobIION
CTETICHW TOJMMEpPHU3alMi 3Be37a HE MMEET KOJUIANICMPOBAHHOW (a3bl, U BCE JIy4YH
€€ CUJIBHO BBITAHYTHI, [?, ~ N. B mpoMexyTO4YHOM MHTEpBAJIE JJIMH JIyYyel 3BE3/1a

HaXOIHUTCS B KBa3MMHMIICIUIIPHOM COCTOSHUH, a 3aBHCHMOCTh R,(/N) mpencrapiser

co0oi Tepexol MeXIy dTHUMH JIByMs aCUMNTOTHKaMH. [Ipu odeHh HU3KON HMOHHOM
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Pucynox 18 — (a) J{oist KOHIIEBBIX MOHOMEPHBIX 3BE€HBEB B SApe Sy = Megre /M
rupo¢GOOHON MOTUINEKTPOITUTHON 3BE3/bI KaK (HyHKIUS yucia ayded M s
pasnuuHbix auuH aydeit N. IMapamerpst: ¥ = 1.5 u o, = 107%. (6) Benuuuna, [y,
orTnoxkeHHas kak Qynkuus or M /N2, nis Toro e Habopa aiuuH N. B atoMm ciyuae

BCE 3aBUCUMMOCTH JIOXKATCSI OY€Hb OJIM3KO JPYT K JIPYTY.
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cune, o, = 1079 B umeromemcs uHTepBane 3HaueHHii N HaONIONAIOTCS TOJNBKO

PEXKUMBI KBa3UMUIIEIUBSIPHON U TTIOOYISPHOM 3BE3/IBI.

1000 T T
- o
LA
-0
100+
3 s
10 <P b
M L |
i ,_—-—""’-‘]—\‘,1/3 ]
1 Lo L
10 100 1000

Pucynoxk 19 — Paanyc unepriuu kak GyHKIHS CTETICHH MOJMMEPU3AIIIN JIydeH B
nBOMHOM JorapudmudeckoM macimTade. KomnuectBo nyueit M = 25, KauecTBO
pactBopuTes X = 1.5. 3aBUCUMOCTh IIPUBEACHA ISl Pa3JIMYHbIX 3HAYEHUN MOHHOM

CUIIBI Q.

[Ipumeuarenbno, uto u3 Pucynka 19 cienyert, uro y 3Be3abl uz M = 25 nyuei
HEMOHOTOHHAs 3aBHCHUMOCTh R,(y,) Bo3HUKaeT mpu N > 200. Ilpu menpmmx N
_ 106 104 _

3HaueHus R, M3MEHAI0TCS MOHOTOHHO R, (s = 107°) < Ry(ps = 107%) < Ry(ps =

1072).
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3.2. TeopeTnueckuii aHaIn3
3.2.1. IToam3JIeKTPOIUT 0e3 TPAHCJISALUOHHON JHTPONUH

N3BecTHO, YTO OCHOBAa NMOHMMAHHS TOrO, KaK CTPYKTypa HOJUMEPHOU IIETKU
3aBUCHUT OT (PU3MYECKUX CBOMCTB CHUCTEMBI, B YACTHOCTH, OT COCTaBa PacTBOPUTEIS,
MOXET OBbITh TOCTPOE€HA Ha 3HaHWM (Ha30BOM AMArpaMMbl MPOCTOH MEMOpPaHHOM
moxaenu (cM., Harpumep, [27,73,74,96-98]). Cnenys sToit cTpareruu, pacCCMOTPUM
pacTBOp MOJIMAJIEKTPOJIUTAa OECKOHEUYHOU UIMHBI N — 00, KOTOPBIA HAXOAUTCS B
MeMOpaHHOM paBHOBecuu ¢ pactBoputeneM (Pucynok 20). Mexmay npemioxeHHOM’
MOJIENIbI0 U MOJENbI0 MOJUAIEKTPOJIUTHON 3Be3lbl OO0IIee TO, YTO U B TOH, H
B JpPYroil MOJAENU OTCYTCTBYET TPAHCISIMOHHAS SHTPOIHUS IOJMMEPHBIX IEMei.
Takum oOpa3zom, mox OECKOHEUHO JJIMHHBIM TIOJUDJIEKTPOJIUTOM MOXXHO MOHUMAThH
THOOYI0 TOJIMAJICKTPOJIMTHYIO CUCTEMY 0€3 TPaHCISLIHUOHHOW SHTPOIWHU, Oydab TO
HOJIUDJIEKTPOJIMTHBIN TejIb WK 1ieTka. CylecTBEeHHBIM MPUOIMKEHUEM 3TON MOJIENH
SBJIIETCS, B OTJIMYME OT 3BE3/bl, OJIHOPOAHOCTh PACHpPEIEICHHs] B HEW MOJIMMEPHON
IUIOTHOCTH. TeM He MeHee, JaHHas MOJEeNb OKa3bIBaeTCs MOJIE3HOW ISl TIOHUMAHUS
npupo bl (Pa3oBbIX MEPEXOAOB B MOIUIIEKTPOIUTHBIX CUCTEMAX U, COOTBETCTBEHHO,
SBJIGHUSI MUKPO(a30BOro paccioeHus B 3BE3JE.

PaccmoTrpuM  pesepByap, paslelieHHBIM  TONYNMPOHUIIAEMOW  MeMOpaHOMH
(Pucynok 20). [lycth cipaBa oT MeMOpaHbI, B 00JIaCTH MIOMEUEHHOU «Out» HaXOIUTCS
YUCTBINA DIEKTPOIIMT, COCTOSLIMA U3 BOIbI, MOHOBAJIEHTHBIX HOHOB conu, Na™ u Cl™,
1 nonoB Boabl, HsOT u OH™. IlpaByro yacts pesepByapa OyaeMm Ha3blBaTb CpPeEON;
BCE BEJIMYMHBI, TIOMEUYEHHbIE WHIEKCOM «out» OylaeM OTHOCUTh MMEHHO K IpaBOii
yactu pesepByapa. [lycte ® — cymmapHasi oObeMHasi J10Jii BCEX HMOHOB B IPaBOii
4acTH pe3epByapa.

® = i’ + ¢l + P01 + PHo- 1)
Tak kKak KOHIIEHTpAIUsi MOHOB BOJIbI B PacTBOPE ropas3io MEHbINE, YeM UOHOB COJIH

MOXXHO CYUTATh, 4TO P = 20p,.
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Pucynok 20 — Cxemaruueckasi WJJTIOCTpALMSL PaCTBOPaA MOJUDICKTPOIUTHON LIETH C
OECKOHEYHOU JIJTMHOMW, HAXOASIIEHCS] B MEMOPAHHOM PaBHOBECHUH C

HU3KOMOJIEKYJISIPHBIM 1,]1-BaJIeHTHBIM 3JI€KTPOJUTOM.

CneBa or MemOpaHbl, B 001acTH OOO3HAUYEHHOM «in», HAXOAUTCA PACTBOP
OECKOHEYHO JUIMHHOTO  moiuiekTponuta. Kaxknas MoHOMEpHash —e€AMHHIIA
MOJIMAJIEKTPOJIUTA TO-TIPEKHEMY 00magaeT TUAPOGOOHOCTHIO M CIOCOOHOCTHIO
K MOHH3ALUHU, U XapaKTEPU3yeTCs, COOTBETCTBEHHO, NapameTpoM dnopu—Xarruuea y
¥ KOHCTaHTOW noHm3aiuu pK . He Hapymias oOIHOCTH pacCyXaeHui, OyJileM CUUTaTh,
YTO UMEEM JIEJI0 € MOJUKHUCIOTON. O003HaYUM OOBEMHYIO JOJIO IMOJIUDIEKTPOIUTA
4yepes3 ¢, a JI0JI0 MOHM30BAHHBIX 3BEHBEB YEPE3 (.

Membpana mnpenoTBpaiiaeT MPOHUKHOBEHHE TONMMepa B MpaByl0 4YacTh, MpHU
HTOM HU3KOMOJIEKYJSPHbIE YacTHIIbl (BOJAa U MOHBI) MOTYT CBOOOJHO IEepeMenaTbCs
B 00e cTopoHbl. Mexay oOeuMu 4YacTsIMU pe3epByapa yCTaHABIUBAETCS
TEPMOJUHAMHYECKOE paBHOBecue. [lokakeM, YTO 3TO pPaBHOBECHE OIPENEIACTCS

out

BennunHoi P, sHauennem pH B cpene pH = — Ig ¢y, a Tounee, pasnocrsio pH-p K

u napamerpom Propu—-Xarrusea y.
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[ImoTHOCTH CBOOOAHOW DHEPrUM  pacTBOpA  MOJTUAJICKTPOIUTA  3aaeTCS

BBIPpAXKCHHUCM

flo) = (1 =) In(l — @) + x(1 — @) + eIn(1 — a(p)) + Al (ap). (22)

31ech TEpPBBIM YJIEH — DHTPONUS CMENIEHHUS T[OJIUMEpPA U  PaCTBOPUTEIIS,
BTOPOM WiIeH — OJHEprusi oO0beMHBIX B3aumoneicTBuil. [lociennue aBa wineHa
YUYUATBIBAKOT [OJUIIEKTPOJIMTHBIE CBOWCTBA. TpPETUH YJIEH YYMUTHIBAET JSHTPOIUIO
pacrpeeNieHnsl 3apsHKEHHBIX TPYII 10 e  (XapakTepHbIi 1yt pH-uyBCTBUTENBHBIX
MOJIMAIEKTPOJIUTOB ujieH). YeTBEPTHIN UJieH — OCMOTHYECKOE AaBICHHUE KOHTPHUOHOB,
00yCIIOBIEHHOE PAa3HOCTHIO MOHHBIX KOHIICHTPAIMK CIIpaBa W CjleBa OT MEMOpaHBI.
Kax moxHO BHueTrb, B 3TON (QopMyne OTCYyTCTBYeT UJIE€H, OTBETCTBEHHBIN 3a
TPAHCISIHMOHHYE SHTPOIUIO MOJUMEPHOUN LETH.

Qopmyna 22 3anucaHa B NPEANOJNOXKEHUH,  UYTO  PaCTBOPUTEIIb
OJIHOKOMIIOHEHTHbIN, TO €CTh B HEW HE YUYUTBIBAETCS DHTPOIIUS CMELIECHUS MOHOB.
BMmecTo 3TOro BBEAEH YETBEPTHIN WIEH, YUUTHIBAKOIINN UX OCMOTHYECKOE JIABJICHHUE.
Kak cnencrBue 53TOro MpEONoONOKEHUS DHEPrUsi KOHTAKTOB MEXKAY IOJIUMEPOM
U BOAOM W MEXKAY MOJIUMEPOM M HOHAMM COJIM OKAa3bIBACTCA OOHOW WU TOU K€
u paBHOU Y. B ¢opmyne Takxke He yureHbl KyloHOBCKME B3aMMOIEHCTBHS, TaK
KaK B HEHW mpenmojaraercs 4to paguyc Jlebas moctatoyHo mani Jyisi TOTO, YTOOBI
CUMTATh BCE 3apsjibl CUCTEMbI 3a’3KpaHUpOBaHHbIMU [27,42,69]. NHbiMuU clioBaMH,
[IOCJIC/IHUE JIBA CJIAra€MbIX BbIPAXEHMS 22 3alUCaHbl B IIPEANOJIOKEHUU JIOKAJIbHOU

ANEKTPOHEUTPATBHOCTH.

3.2.2. Crenens noHn3anuu pH-4yBCTBUTEIBHOIO MOJIMIJIEKTPOJINTA

(mpudMKeHue JIOKAJIbHOU JJIEKTPOHEHTPAIBLHOCTH)

Kak YK€ YIHOMHHAJIOCh, HPCAIIOJIaracTcsa, 4YTO IIOJHUIJICKTPOJIUT — ITO
IMOJIMKHCIIOTA Y KOTOpOfI Ka)KI[I:.If/'I CErMeHT MOXKET ObITh HOHHM30BaH B COOTBETCTBHUH C

YPaBHEHHUEM MOHU3ALUMU.

K
HA = H" + A", (23)
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3neck ypaBHeHue 11 mepenucano B yIpOLIEHHOM BHJIE C IIOMOIIBIO 3aMeHbl H3OT =

H™. Koncranra auccoumnanuu K u 3HaueHue pH ompenenstor cTeneHb MOHU3AIMHU

K K out
. - mn = out (901;1”> ' (24)
lL—a o on" \¢h

B mpubnmxeHnn ITOKaTbHOW JIIEKTPOHEUTPATBHOCTH MPEANONaraeTCs IOTHAS

MOJIUIBJICKTPOJINTA:

KOMIICHCAIMS BCEX 3apsAIOB BCIOAY B pacTBOpe. TO €CTh, CyMMapHbI€ KOHIIEHTPAUN
BCEX IIOJIOKUTEIBHBIX WMOHOB JOJDKHBI OBITh paBHBI KOHIICHTPAIMSM  BCEX
OTPHULIATETILHBIX B K000 TOYKE CHUCTEeMbl. Tak 4YTO I JIEBOM YacTH pe3epByapa

(Pucynok 20) MOXXHO 3anucarb

ap + po+ Yon = P T PNa- (25)
COOTHOIIIEHHE KO- ¥ KOHTPHOHOB B CpPEJ€ U MOJMDIEKTPOJIHTE (CIpaBa U ClieBa
or MeMOpaHbl) ompenensercs JOHHAHOBCKMM paBHOBECHEM, KOTOPOE B Ciydae

MOHOBAJICHTHBIX MOHOB BbIPAKACTCA COOTHOIICHHUAMUA

P _ POu _ P _ P 26)

out ~  , ~out

g6l You Spf'\rfa 90%—71l .

BhIpakasi KOHIEHTPAlWM BCEX MOHOB 4epe3 oTHomeHue %/l m nomcrasnss B

ypaBHEHHUE 25, NPUXOIHUM K KBAJIpATHOMY YPABHEHUIO

gOout 2 20490 gDOUt
(Ijn> + =0 —1=0. (27)
YH d pp

Pemenne ypaBHeHHsI JaeT BBIpaXKE€HHE, KOTOPOE CBS3BIBAET CTENEHb WOHU3AIMHU
MOJIMDJIEKTPOIIMTA U er0 KOHIeHTpauuio, o (p). Vicxomst u3 onpeesieHnsi KOHCTaHTbI
noHu3auuu (ypaBHeHue 24)

@« _ K 1+(O‘—*0)2—% | (28)

1—04:g0§1“t d

B orom Beipaxennn K wu of* Haxomsrcs Tombko B KomOuHaumm K /%t

DTO O03HaAuaeT, 4TO BCE NOJMIJICKTPOJUTHBIE CBOMCTBa 3aBuciat oT pH u pK

UCKITIOYUTENHLHO B BuAe pasHoctu pH — pK. bynem cuurarh, €ciu HE yKa3aHO
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obparnoe, uro pH — pK = 1. Ha Pucynke 21(a) mpeacraBieHa ompenenseMas
ypaBHeHHEM 28 3aBUCUMOCTb «v({), pacdMTaHHAsl HPU Pa3HBIX 3HAYCHUSIX HOHHOM
cuinel . Ha atom Pucynke s ynoOcTBa CpaBHEHHWS C YUCIICHHBIMH pacueTaMH

BMECTO MOHHOM CHIIbI (0 MCTIOJB3YETCS BEJIMUMHA g paBHAsi 0ObEMHOM J10JIe HOHOB

- + > _ out o~ out
Cl” (mmm Na™) B mpaBoii yactu pesepByapa, ¢, = @@ = ¢/2. Bennuuna o
u3obpaxxenHass Ha Pucynke 21(a) — creneHb MOHMU3AUMU IOJIUMEPA B IIpEEIe

OECKOHEUHOTO ero pa3daBieHHUsA. BuUaHO, UTO CTENEHb MOHM3AIMHA YMEHBIIACTCS C
POCTOM KOHIIEHTpAIIMX TOJUMEepa U ¢ YMEHBIIICHUEM HOHHOW cuiibl. [IpubnmkeHHbIe
BBIPAXXEHUSI [IPEJCTABICHBI B ypaBHEHHUE 19.

ITocnennee cmaraemoe B ypaBHEHWUM 22 CBSI3aHO € W30BITOYHBIM OCMOTHYECKUM
JaBJieHMeM MOOWIBHBIX MOHOB. Ero Benmmumna omnpenensiercs 3akoHom Bant-Todda
B IIPEJIIOJIOKEHNH, YTO MOHBI B PacTBOpE BeayT ceOst Kak uzaeanbHbii ra3 All,, =

S 0% =3 ©'%, [Ie CyMMUpPOBaHHME MET 110 BCEM THIIAM MOOWJIbHBIX HOHOB, TO

€CTh
' . . ‘ i) <pout (pm
AHosm - H — o Hn i i - P — — H H
g6l YOH YH ¥Na 9 ( Qpﬁl + S00Hut>
nin
2
All,, =& [1—1/1+ (%p) | (29)

3.2.3. ®a3o0Bble nepexoabl B pacTBOpe MOJIUIJIEKTPOJIUTA

OGmamasi BbIpaXX€HHEM JUIsi CBOOOJHOW DHEPIUM, 3aBUCUMOCTBIO CTEICHU
MOHU3ALMU OT KOHIIEHTPAUUU U POPMYIIOH JjIsi OCMOTHYECKOTO JIaBJICHUSI MOOUJIbHBIX
WOHOB, MOXXHO paccuuTarh (a3zoBoe MOBEACHHE MoNuANeKTponuTa. IIpeneOperas

MOCTOSIHHBIM WIEHOM P IepenuIineM BolpaxeHue 22

flo)=(1—=¢)In(l — )+ x(1 - p)p+
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1.0

a™=0.909
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Pucynok 21 — (a) Crenenb noHu3anuu o) Kak GyHKIHs KOHICHTPALMH [TOJHMMEPa
JUISL pa3JIMYHBbIX 3HAYEHUN KOHLEHTPALUU COJIu . (0) Pa3oBas quarpamma
COCTOSIHUIM O€CKOHEYHOI'O IOJMAJIEKTPOJIUTA B KOOPAMHATAX X — (¢ JJIs TOrO )Ke

Habopa 3Ha4eHUH ;. (B) BrimenenHnast mpsMOyroJsHUKOM 4acTh Pucynka (0).
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Bmecte ¢ ypaBHeHHeM 28 OHO JaeT BO3MOKHOCTH BIIOJIHE IIPOAHAIU3UPOBAThH
(da30BOE MOBEACHNE MOJICIIH.
IMycrs pi5(¢) M py(p) — XMMHUYECKHE MOTEHIMANbl YacTHI] PACTBOPUTENS H

CCIrMCHTA ITOJIMMEpPa

B,
ps(p) = f—s&% =p+xp° +In(l — @)+

0
up(so)=f+(1—90)£290—1+X902+1n(1—a)—

(1— go)apoz; B P? + *(1 — gp)ozozzp +a?p
1-a P2 + (ap)? |

Ilycts obbemuas mons nonuMepa B dase (1) ects ¢, a B daze (1) — /. Jlna
COCYILIECTBOBaHUs ATUX JBYX (ha3 TpeOyercss paBeHCTBO XMMHUYECKUX IOTCHIIMAJIOB

OJINMEpa M PaCTBOPHUTENS B 00enx ¢aszax, TO €CTh

1s(0") = ps(™)

9

(") = pp(p™).

Ha Pucynke 21(6) mnpuBenen Habop (¢da3oBeix auarpamm  (KpUBBIX
cocymiecTBoBaHusA (a3 mwir OMHOAANEH) COOTBETCTBYIOUIMX PA3JIMYHBIM 3HAYEHUSAM
©,. Ha Pucynke 21(B) omHa W3 HHUX, coOoTBeTcTByomas ¢, = 1072, mpencrasieHa
Oonee JneranbHO. 3/1eCh TMPUBEAEHA HE TOJBKO OWHOAANb, HO W CIWHOAAIIb,

onpenensieMas ypaBHEHUEM

(f(#)), =0
OO6nactp 3HaYeHUW Y H (p, OrpaHUYEHHAs OWHONATBIO, — 3alpelICHHAS
ob6nacte. Eciu pacTtBopuTenb AOCTAaTOYHO IIOXOW, X = X§, TO BO3MOJKHBIE MJIS

MOJIMAJIEKTPOJINTa 3HAYEHUsT OOBEMHOW JOJM JiexaTr clieBa, ¢ < (1, U CIpaBa,
© > 9, OT OMHOJANM. IMEHHO B 3TOI 00acCTH y CUCTEM C IPaAMEHTOM MOJIMMEPHON

INIOTHOCTH, TAKHX KaK ITOJIHUIJICKTPOIMUTHLIC MICTKH KW 3BC3/1bl, MOXHO Ha6JIIOI[aTB
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dazoBoe paccrnoenue. bomee TemHas 007acTh, OTpaHWYEHHAs CIMHOAATIBI0 —
0071aCTh HECTAOUITBLHOCTH pacTBOpa. Mexay OMHOIANbBI0 U CIIMHOAANBIO (CBETIIOCEpast
obmacte) pactBOp MetactabwmieH. Touka, B KOTOpOW CHWHOJAAbL W OWHOMATH

CXOIATCA, — KPUTUYCCKas TOYKaA.

10°

10°

Ds

10*

10°

10° .
0.4

Pucynoxk 22 — ®a3zoBas auarpamMmma 0a30BOM CHCTEMBI B KOOpAHHATaX (X, ©s) B
nosysiorapudmuyeckom Macirade. Tpu KpuBble OTBEUAIOT Pa3HbIM 3HAYEHUSIM
pazsoctu pH — pK. O0nacTh ciieBa OT Kax/J0il U3 KPUBBIX COOTBETCTBYET
KOHIIEHTPUPOBAHHOU (paze, B KOTOpoil monumep cinabo 3apspKeH, a crpaBa —
paz0aBIIeHHOMN, B KOTOPOM OH 3apsikeH cuiibHO. KBagparnkamu o003HaYeHa IpaHUIIa,
pazzaesnsroniast AByx(a3Hbie U 01HO(DA3HBIE COCTOSHUS 3BE3/bl, B3ATas U3

Pucynke 15.

Conocrasiisisi  auarpammbl  Pucynka 21(06, B) ¢ Pucynkom 21(a) MOXHO
BUJIETh, YTO B pa30aBlieHHON (a3e MOJUMEpP JOCTATOYHO CHIIBHO 3apshkeH. A B
KOHILIEHTPUPOBAHHOM (pa3e ero cTeneHb MOHU3aUWU Hcue3aromie Mana. [lpu ¢, =

1079 pasmep nByx¢asHoii obnactu Ha Pucynke 21(6) oTHOcHTeNnbHO Gonbmioi. IIpu
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YBEJIMYEHUU HOHHOW CWIBI AByX(azHas 00JacTh CyXKaeTcsi M KpUTHUECKas TOouKa
CABUTAETCS B CTOPOHBI OOJBIIMX 3HAYEHUHN Y U OOJBIINX 3HAYEHUH (.

Jlyist cpaBHEHUS ¢ pe3ylibTaTaMu YucieHHoro pacuera (Pucynok 15) na Pucynxke 22
npuBereHa (a3oBas AMarpaMMma pacCcMaTpyMBaeMoOi CHCTEMbI B KoopauHarax (X, ©s),
IJl€ IPUBEAEHbI TAKXE COOTBETCTBYIOLIME PE3YJIbTaTbl MOJEIMPOBAHUS 3BE3]L
(uepHble kBajparuku). Jlunuu Ha PucyHke 22 nokaspiBalOT, Kak 3aBUCUT OpPJMHATA
KpUTHYeCKON Toukd Ha Pucynke 21(B) oT . Bumno, uto mpu 3agaHHOW pPa3HOCTH
pH — pK kputnueckasi TOUKa CABUTraeTcs K 00jee BHICOKMM 3HAYEHUSIM (0 C POCTOM
X. YBennueHue pazHoctd pH — pK, KOTOpoe BENET K pOCTy (v, CIBUIAET KPHUBYIO,

OTBEUAIOIIYI0 COCYIIECTBOBaHMIO (pa3, B 00siacTh O0Jiee BHICOKUX 3HAYEHUN .

3.2.4. JIByxdazoctb B ampuPuILHON MOJIUNIEKTPOJTATHON 3Be3/1e

Pe3romupyem  OCHOBHBIE  BBIBOABI, KOTOPbIE CIEAYKT W3  YHMCIEHHOI'O

MOJAC/IMPOBAHUA TMOJIUIICKTPOJIUTHBIX 3BC3/.

1. TomomonumepHasi 3Be37a C HOHU3YEMBIMH W B TO K€ BpeMs THAOPOGOOHBIMH
(B HE3apSDKEHHOM COCTOSTHHUHM) 3BE€HBSMH B BOJHOM PAacTBOpE CKOJUIANICHPOBaHA
Opyd OYEeHb HU3KOW KOHIEHTpanmuu coiu. C moOaBieHHEM COIMM  3Be3Ja

pa3BOpaYMBAETCSI.

2. Ilepexox OT KOJUIANICHPOBAHHOM 3BE3/lbl K HAOyXIIEH MPOUCXOAUT MOCTENEHHO,
IPOXO/s Yepe3 IPOMEKYTOUYHOE KBA3UMHULEIUISIPHOE COCTOSIHHE. DTO COCTOSTHUE
XapaKTepHU3yeTCs] HAIMYMEM IUIOTHOTO W NPAKTUYECKH HEUTPAIBHOIO spa H

HAOyXIIIeH 3apsDKEHHOU KOPOHBI.

3. O6vemHast 70Jisi MOJMMEpPa B KOPOHE BO3JE siApa TeM OoJjblie, 4eM OOJIbIe

KOHLIEHTpALUsl COJIU B CPEJIE.

4. BerBu ruapodoOHON MONMUIIEKTPOIUTHON 3BE3/IbI B KBAa3HUMHUIIEIIIE MOTYT

HaxXOOuTbCA B IBYX MI/IKpOKOHCI)OpMaHI/IHX. YacTh BeTBEH HaxXoauTCsa LOCINMKOM
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B SZIpe, B TO BpeMs KaK OCTaBIIHUECS BETBH, MPOXOIS CKBO3b AP0, (HOPMHUPYIOT

KOPOHY.

5. Poct myimnbl BeTBel /N BelleT K pa3BOpPauMBAHUIO 3BE3JIbl, 4 YBEIMUYECHUE YHCIIA

BeTBed N, HA0OOPOT, K KOJLIAIICY.

MOoXHO TpaHCIUPOBaTh PE3yJbTATHI, MOTYYEHHBIE B TOJBKO YTO PACCMOTPEHHOMN
MEeMOpaHHOM MoOJAeNU, Ha CIOydaid TOJMMEpPHOM 3BE3/bl, MPEIINOJIIOKHUB, YTO
3allpelICHHbIE 3HAYEHUS I[IOJIMMEPHBIX IUIOTHOCTEM B MEMOpaHHOM Mojenu
3ampelieHbl Takke W B 3Be3le. 10 €CTh, COCTOSIHUS, XapaKTepU3YIOIIHUecs
TpeMmsi mapamerpamu (p, X, Q) W TONagamnme B 00MacTh BHYTPU OWHOIATIN
(Pucynok 21(0)), He moryT peaiu3oBarbcsi M B 3Be3ne Toxe [73, 74, 96, 98].
OCHOBBIBasICh Ha 3TOM NPEIINOJIOKEHUHU, BIIOJHE ECTECTBEHHBIM IPEACTABIISAETCS
TO, YTO THAPOPOOHAs MOJUANIEKTPOIUTHAS 3Be3da NHPU 3HAYEHUSAX ), JIEKAIIUX
BBIIIE KPUTHYECKOW TOUku Ha Pucynke 21(0), momKHA HaXOAUTHCA B IBYX(ha3HOM
cocTosiHuu. Wiy, Hanmpumep, TO 4YTO IMPHU 33JaHHOM X YMEHbLUIEHUE KOHUEHTpalUU
COJIU TIPUBOJUT K DPA3PEKEHUI0 KOPOHBI 3BE3[bI M YKPYIHEHUIO (3a CYET JIydei
KOpOHbI) siApa. W, HA000pOT, mpu A00aBIECHUU COJIM Pa3Mep sJpa YMEHBIIAETCS
BILIOTH JI0 MOJIHOTO €r0 MCYE3HOBEHMUSI.

OTH paccyXJIeHUs Ka9YeCTBEHHO OOBSCHSIOT MOBEJEHUE 3BE3/IbI M, B 0COOCHHOCTH,
nepeunciennble B myHkrax 1, 2 m 3. Kak BumHo u3 Pucynka 21(0), neBas
BETBb OMHOJAIM CMEIIAETCS K MEHBLIUM (© C YBEJIMYEHUEM KOHLEHTpAIUU COJIH
s. TloaTOMy KOpOHa 3Be3/bl JOKHA OBITh MEHEE IJIOTHOW, CKAauOK MOJIMMEPHOMU
IUIOTHOCTH IIUPE U siAPO OOJIbIe MpU MeHbIIHX ¢g. CpaBHeHHE (PA30BBIX IUArpaMMm
Ha PucyHke 15 u PucyHke 22 takyke 10Ka3blBaeT KaYECTBEHHOE COIVIacue.

Tem He wMeHee, XOTd M HMEETCS XOpPOUIEE Kauye€CTBEHHOE COIJIacue,
KOJIMYECTBEHHOE pa3lInyue pe3ylIbTaTOB OKa3bIBAaeTCS 3HAYMTENbHBIM. Pa3zHuia
MEX/y YHCIIEHHBIM DPAcye€TOM W pacuyeToM, OCHOBaHHbIM HAa MOJAEIU OECKOHEYHO
JUIMHHOT'O MOJHU3JIEKTPOJINTA, 1oka3ana Ha Pucynke 23. Ha atom Pucynke OGunonanu

0a30BOM CHUCTEMBI MPUBEIAEHBI IS IBYX 3HAYEHUU (o, = 2.5 X 1076 u Ps = 1074
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Pucynok 23 — ®a3oBble [UarpaMmbl B KOOpJIUHATAX) — o JJISI IBYX 3HAUCHUU
KOHLICHTPALUHU COJHU Y5 = 2.5 X 107% u Ps = 10~*. CrutommHble TUHAA — ($ha3oBEIC
JMarpaMMbl PaCCUUTAHHBIE TAaKUM ke 00pa3om uto u Ha Pucynke 21(6). s
CpaBHEHMUS NIPUBEIEHBI JUAarpaMMbl pACCUUTAHHbBIE YUCIIEHHBIM METOJOM JIJIsl 3BE3/I.
KBaaparuku u kpykouku Ha PucyHKe COOTBETCTBYIOT IOJMMEPHOM IIJIOTHOCTHU B
SIIPe U B KOPOHE 3BE3/Ibl BOJIM3HU MOBEPXHOCTH paszzena (a3 mpu Tex Ke JIByX

3HAUEHUX @ (cp. ¢ Pucynkom 12).

Taxoxke mnpuBENEHBI OWHOMANM, PACCYMTAHHBLIE YHCIEHHBIM METOIOM, a HMMEHHO,
3HAYEHHS IOJMMEPHON IUIOTHOCTH (7), B3SAThIE B IBYX ONIMDKAWIIAX K TPaHHIE
pasnena MOBEPXHOCTH BHYTPEHHEM M BHEUIHEM CIIOSIX, TO €CTb O(Ripe + 1) #
@(Reore — 1) coorBerctBeHHo (Pucynok 12). Buano, 4T0 XOpoluee COBHAlIeHHE
OuHOJAEl MMEETCs B IIPaBbIX WX BETBAX, KOTOPHIE COOTBETCTBYIOT (haze sjpa.
OJ1HaKO BETBH, COOTBETCTBYIOILUE KOPOHE 3BE3/Ibl, 3HAYMTEJILHO CABUHYThI B CTOPOHY
OonmpIIuX . JI7s MPUBEICHHBIX 3HAUYCHHI (0 OMHOAIN 3BE3/bI OKA3hIBAIOTCS BHYTPH
OWHOMANEH IONUAIEKTPOIUTa. I paHuIa, OTAENsAomas AByX(asHbIE COCTOSHHS
3Be31bI OT OMHO(MA3HBIX, CHJIBHO CMEIICHA B CTOPOHY OOJBIIHX Y. DTO BHIHO W3

Pucynka 22, rae kBaapaTtukamMu M300pakeHa dTa rpaHuna, B3sitas u3 Pucynka 15.
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HamomuuwMm, uro dazoBas aumarpamma Ha PucyHke 15 Obuta paccumraHa 1jis cirydast
pH —pK =1.

DTO pacxoxJIeHUE HE YIUBUTEILHO. B oTiauuMe OT OJHOPOJHOW MOAEIU
OECKOHEYHO JJIMHHOTO MOJIMIJIEKTPOIUTA paccMarpuBaeMasi 3Be3/la SBISIETCS CHIIHHO
rereporeHHoi. Pa3pabotka cTporoit Teopun KOHGOPMALIMOHHBIX MEPEXOA0B BHIXOAUT
3a paMKu JaHHOM pabotel. PaccMoTpuM 11Ba CBOMCTBa 3BE3llbl, KOTOpHIE HE
YYHUTHIBAIOTCSA B 0a30BOM cucTteMe. Bo-TiepBbIX, 3TO 3HAUMTENbHAs POJIb JSHEPIHH,
CBSI3aHHOU C MOBEPXHOCTHIO TPAHMIIHI pasnena (a3 siapa U KOPOHBI, KOTOpas BEACT
K JeCcTa0MIM3anuy KOMIIAKTHOTO smpa [99-101].

BTopoe HeyureHHOE B MOJIeNT CBOMCTBO 3BE3/IbI COCTOUT B TOM, 4TO (haKTHUECKH
KOpPOHA KBa3WMUIIEIIbI SIBJISIETCS CPepuyecKol IEeTKOW W, CJIeIOBAaTelIbHO, WMEET
BCE XapaKTepHbIE JJIg WIETOK OCOOCHHOCTH. OTH OCOOCHHOCTH IIETOYHOM
TEPMOJAVMHAMUKHU JAI0T OOBICHEHUE CBOMCTBAM JIBYyX(a3HOU 3B€3/bl, IEPEUUCICHHBIM

B IMyHKTax 4 u 5.

3.2.5. CocymiectBoBaHue MUKpoda3 B mIeTKe

ITokaxkem, 4YTO pa3neleHWEe BETBEM 3BE3Abl HA JBE IOMYJSIIAH, KOTOPOE
ObLJI0O OOHAPY)KEHO B YHCIICHHBIX pacdyeTax, OMpenemnsieTcs CBOWCTBaMHU HaOyXIien
MOJIUMEPHOM IIETKW, B HAIEM CIIyda€ — KOPOHBI 3Be3/bl. JeMCTBUTEIBHO, BHE
3aBUCUMOCTH OT TOIIOJIOTMH IIETKU U MPUPOIbI B3AUMOJICMCTBUM B HEU NIPU 3aJaHHOU
MOJIEKYJIIPHOW Macce MPUBHUTHIX IENeW HAa €IWHUITY IUIONIA1, CBOOOIHAS DHEPTHS
HIETKY BCEIJla MEHbIIE JJI1 PA3PEeKEHHOM 1IEeTKU U3 JJIMHHBIX LEnel, yem a1t Oonee
IJIOTHOW MIETKH M3 KOpOTkuX meneid [73]. IlonrBepaum MpPUBENEHHBIN apryMeEHT,
OCHOBBIBAsICH Ha MPOCTHIX CKEUJIMHIOBBIX COOTHOIIEHHUSAX IJIsi CBOOOTHON SHEPTHUH
HIETOK C pa3IMyHOM Tononoruei. Haunem ¢ mioCKou MIETKH.

CroOoaHast P)HEPTHS HA €IUHMITY TUIOMIAINA TUIOCKOW IIETKHA W3 Henei JIuHbBI [V,

OPUIIUTBIX C TOBEPXHOCTHOW TUIOTHOCTHIO 0, MOXKET OBITh MpecTaBieHa Kak [4]

F = AN¢” = Ano®1, (31)
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rme n = No — »bdexTuBHas IIWHA IeNel, HOPMAJIM30BaHHAs Ha EIUMHUILY
noBepxHocTH. Ilapamerpei A w [ 3aBHCAT OT Xapakrepa B3aUMOJICHCTBUH B
coorBercTBuu ¢ Tabmument 1(a) (cp. [4]). Kak BugHo m3 Tabmwimel, mpu 3aaHHOM

n 3HaueHue ' B ypaBHeHHM 31 Bcerjga pacTer ¢ pocToM o, TO €CTh

g—i (n = constant) > 0. (32)

Tak uto cBOOOHAS YHEPTHST HAOYXIIIEH METKU BCET/la YMEHBIIAETCS ¢ YMEHBIIIEHUEM
0.

[logoOHasi cBsI3b C 4YMCIOM NPUBUTHIX LEene HaOmogaeTcss u B chepuuecKux
mieTkax (3Be3nax). B aToM ciydyae 4ucio mpuBUTHIX Tydei M urpaet poiib MIOTHOCTH
NpUBUBKU. VCmonb3ys CKEWJIMHTOBBIE BBIPAKEHHUS B KBA3WUILIOCKOM IMPUONIKEHUH
[4,26] umeem

F=AN"M" = AnYMP~7, (33)

rne n = MN wu Benuuunbl A, v u [ — XapakTEepUCTUKHU THIIA B3aMMOACHCTBUI B
3Be3/1€ B cOOTBeTCTBUM C Tabmumeit 1(0). AHAJTOTMYHO MIIOCKOMY CIIy4ar0 HaXOIuM,

YTO BEJIMUMHA CBOOOHOM DHEPTrUM sSBISIETCs] Bo3pacTaronien hyHkuuen ot M.

g—]\}; (n = constant) > 0. (34)

Tennennus k MuHuMmu3anuu N MokeT OBITH peann30BaHa TOJIBKO MPH YCIOBUHU
HaJTU4IUsl MUKPO(a3oBOro paszaeieHus. To €CTh, KOrJa MMEETCsS BTOpas KOMIIaKTHAs
daza, 111 KOTOPOH TEPMOIMHAMUYECKUE XapAKTEPUCTUKH MTOJTHOCTHIO OMPEACIISIOTCS
YUCJIIOM MOHOMEPHBIX 3BE€HBEB, KOTOPHIE OHA COAEPIKUT. ITOT PE3yAbTaT OOBACHSIET
NyHKT 4 cpopMyTupOBaHHBIN B Ha4YaJIe TIPEABIYIIEro MoApasjiesia U [IOMOTaeT IOHSTh
NyHKT 5. bojiee KOHKPETHO 3TOT apryMeHT OOBSICHSET, TIOYeMy Mbl HE paccMaTpuBaeM
BETBM, KOTOpPbHIE CKOJUIAIICUPOBAHbI HE IIOJHOCTBIO, a JIEKAT YaCTUYHO B syIpe H
YaCTUIHO B KOPOHE.

B cootBerctBun ¢ ypaBHenwem 33 um TabGmumeit 1(6) cBoOomHas sHeprus Ha

OCIIb pH-‘IYBCTBI/ITCJ'H)HOFO IMOJIUBJICKTPOJINTA IIPpU HHU3KOH €ro KOHLOCHTpaIuHu AaCTCA
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Tabmuma 1 — (a) 3HaueHus mapaMeTpoB CBOOOHOM dHeprun A u S s TUIOCKHUX
IIETOK B Pa3IUYHBIX yCIOBUsAX. (0) 3HAUCHHS mapaMeTpoB CBOOOIHOM dHEprun A, [

W7y A MTOJIUMCEPHBIX 3BE31 B PA3JIMYHBIX YCIIOBUAX.

(a) (6)

g =2, HEe3apsDKEHHAS 1IeTKa He3apsHKEHHAs
v=0,8=3/2
A>0 B f-pacTBOpHTEIE 3Be3/1a B
A>0
He3apsDKEHHAs 1IeTKa f-pactBOpuTEIe
B XOPOIIIEM He3apsHKEHHAs
pacTBopHUTEIe, 3B€3/1a B XOPOIIEM
B =5/3, MIOJIADIIEKTPOJINTHAS pacTBOpuUTEIE,
A>0 1IeTKa B pacTBOpE C MOJIUBIICKTPOJIUTHAS
. v =1/5,
BBICOKOM 3B€3/1a B pacTBOpPE C
p=7/5,A>0
KOHIIEHTpAIUEN COJIN BBICOKOM
(coJieBO pexnM) KOHIICHTpaIuen
ieTKa U3 cosi (coseBoi
OTOXKEHHOTO PEXKIM)
B=1/3,
MOJIMDJICKTPOJINTA B 3Be3/1a U3
A<0
pacTBOpe C HU3KOU OTOXKEHHOTO
KOHLIEHTpALMENH COJIn v =25, =—1, | NOJUINEKTPOJIUTA B
HIETKA U3 3aKAJIEHHOTO A<O pacTBOpe ¢ HUBKOM
=1, A=
MOJIMDJICKTPOJINTA B KOHIIEHTpAaIuen
AO 10g g,
pacTBOpPE C HU3KOMU cou
Ao >0
KOHIIEHTpAIUEN COJI
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BBIPpAXKCHHUCM

F
FHa eHb:_:_AN5M72 35
il M ‘ | ) ( )

a CBO6OIIHa$I OHCPIrusa Ha MOHOMCPHOC 3BCHO —
Ha 3BCHO . ( )

OTU COOTHOIICHMSI IOKA3bIBAIOT, YTO CBOOOJHAsI SHEPruUs Ha 3BEHO CHJIBHO
YMEHBIIAETCA C POCTOM JUIMHBI Jydyeid /N U ¢ ymeHblieHueM ux konuuectsa M. B

TO KC BpCM CBO60)1Ha$I OHCPIrusd Ha 3BC€CHO B AAPC HC 3aBUCUT OT 3TUX IMApaMCTpPOB

FHa 3BEHO B SApE _‘B| (37)

[looTomMy, mTpW 3aJaHHBIX [apamMeTpax pacTBOpa, 3Be3la  OKa3bIBaeTCS
CKOJIIATICUpPOBaHHOM, Korma N wmano, W HaOyxmiei, korma Benuko. Iloatomy
*Ke HaOMIoJaeTcs KOJUIANC NpU  YBEJIMYEHMM uucia Jjyded. M3 mnpuBeneHHbIX
COOTHOILEHUH BUJIHO, YTO IPU (PUKCUPOBAHHBIX IapaMeTpax pacTBopa KoHhopmarus
3Be3bl 3aBUCHT OT cOOTHomeHus M /N2, 4ro Takke MOXHO BHIETh H3
Pucynka 18(0), rme mpuBeneHbl T€ XK€ BeIMYHMHBI, yTOo M Ha Pucynke 18(a), HO
OTIOMKEHHbIE KaK (yHKIuU oTHomeHus M /N?. Bee 3aBucumocty u3 Pucynka 18(a)
B TAKOM MacmTabe MpaKTHYECKU COBMAAIOT.

[IpencraBieHHbIe PE3yJAbTAThl TAKXKE IMO3BOJISIOT MHTEPIPETUPOBATH TOT (aKT,
YTO JieBasi BETBb OWMHOMAIM 3BE3/bl OKa3bIBAETCS CWJIBHO CIIBUHYTa OTHOCHTEJIHHO
owHomanum MemOpanHou wmomenu (Pucynok 23). Kak BumHO w3 BeIpaxkeHus 36
BEJIMYMHA CBOOOIHON SHEPruu cPepruyeckoil MEeTKH Ha 3BEHO OKA3bIBACTCSl MEHBIIIE
st 6onee anuHHBIX nenei. M oto He ynuBuTenbHo. Chepuueckas reoMeTpust JaeT

OO0MBIIYI0 CBOOOY 3BEHBSIM, KOTOPBIE 00Jiee YIalleHbl OT LIEHTPAa KPUBU3HBI IETKH.

3.2.6. Moaejb KoJJ1anca moJJu3JIeKTPOJTHTHOM 3Be3/Ibl

Tenepb, UCTIONB3Ysl apryMEHTAILMIO, TPUBEAEHHYIO BBIIIE PACCMOTPUM MOJIETb,
KoTopasi OOBsICHAET (POPMUPOBAHME KBAZUMHULEIUISIPHOW KOH(OpPMAIMU 3BE3[IbI.

Mogenbs cxemarnyecku n3zoopaxkenHa Ha Pucynke 24(a). Ilycts 3Be3na coctout u3
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T T T T

(a) (6)
Pucynok 24 — (a) MnnrocTpariis MOIeTH KoJTarca MoJIUAIEKTPOIUTHON 3BE3/Ibl.
[lynkTupHOM ITUHKUEW TTOKa3aHa rpaHuIa pasaena ¢as sapa U KOpoHsI. (0)
3aBUCUMOCTH paguyca siapa R.,.. OT Ka4eCTBa paCTBOPUTEINS Y Ui IBYX 3HAUCHUI
WOHHOMW CHUJIBI PACTBOpPA, OMPEICIICHHBIE TTOCPEICTBOM MOIEIH Kojutarnca (poMObl) n
paccuntanHble 1o metoay Cxoitenca—®nupa (kpyru). [opuzoHTanbHast TUHUS

COOTBETCTBYET PaJANYCy IJIOTHOU 110o0yIbl u3 N M gacTuil.

M = 50 BerBei gymHOM Mo N = 250 3BEHbEB M HAXOJIUTCS B KBA3UMUIEIIIIPHOM
COCTOSTHUH, B KOTOPOM YacTh Jy4€il HAXONUTCS B SIApE, a Apyras — B KOPOHE.
Hcxonst M3 YUCIEHHBIX PacyeToB M pacyeTOB, OCHOBAHHBIX Ha MeMOpaHHOM
MOJIETIH, CIEAYEeT, YTO SAPO KBAa3UMHUIICIIBI COCTOUT M3 HE3apsSHKEHHBIX (WA TI0
KpaiiHell Mepe ciabo 3apsHKEHHBIX) CKOJUIAIICMPOBAaHHBIX BeTBeil. Kpome Toro, B
HEM TPUCYTCTBYIOT TAaKXK€ YaCTH JIyded KOPOHBI, KOTOPBIE MPOXOIAT HYepe3 SAPO
HAacKBO3b. JlomycTuMm, YTO SIAPO OAHOPOAHO, a BETBH, NPHUHAJJIEKAIIUE KOPOHE,
CUJIbHO (TIPAKTUYECKHU IOJIHOCTbIO) BBITAHYTbI B OOJacTH BHYTPHU siipa M TaKkxKe
CUJIBHO BBITSHYTHI B KOPOHE, BO3JI€ MIOBEPXHOCTH pazzaena Mukpodas (Pucynox 24(a)).
Hcnonb3yst 3T TPEArnoiox)eHus O KoHMopMmanusx Jydeld 3Be3Abl B SApe U
B KOPOHE, MOXXHO OUEHHUTh, KaK paJHyC siApa 3aBUCHUT OT IIapaMeTpOB pacTBOpa

Hn 3BC31bI. HpeI[HOJIO)KI/IM, 4YTO IMOJUMEPHAadA INUIOTHOCTH B KOPOHE BO3JIC AApa



92

PaBHA Ycorona, @ IHNIOTHOCTH BHYTPH SIAPA — (Peores, U Megre — KOITHMYECTBO

CKOJUIAIICUPOBABIIUX queﬁ, TOraa

%WR20T6<)0C07"6 = NMcore + (M - Mcore)Rcorea

_ 2
M - Mcore — 4WRcore@cor0na-

Ecau onpenenuts ©eprong U Peore KaK KOHLIEHTpAUUKM HAa OMHOmasiX u3 Pucynka 23
1 ¥ Y9, MOXKHO HM3BJIEYH TMpEACKa3aHUe IJIs paanyca siapa Kak (yHKIUH KadecTBa
pactBopuTtensi. Ho, kak y»e 00CyX1anoch, HET U HE JODKHO OBITh KOJIMYECTBEHHOTO
commacusi MEXAy pesyabTaraMu, IOJyYCHHBIMH [IJI1 MEMOpaHHON MOJend W
I 3Be3nbl. Tak 9TO, IS TOTO, YTOOBI TPOJEMOHCTPUPOBATH MPABOMOYHOCTH
MPEIIOKEHHONW MOJIEIH, BO3BMEM 3HAYECHUS Dcorong U Pcore, B3SITHIE W3 YUCICHHOTO
pacuera aJisi 3Be37bl. B 9TOM Cliy4ae ©corong U Peore SABISIOTCS BEIMUUHAMU TTPOQPUIIS
IJIOTHOCTH MOJIMMEPA 3BE€3/1bl, B3ATHIMU B OJIMIKAMIIMX K MOBEPXHOCTH SiAIPa BHEIIHEM
M BHYTPEHHEM CIOSIX, TO €CTh ©(Reore + 1) U @(Reore — 1) COOTBETCTBEHHO. DTH
KOHUEHTPAIMU NpUBEICHbI HA PucyHke 23.

Ha Pucynke 24(0) mpuBemeHa 3aBUCHUMOCTb Reoe(Y) IS OBYX 3HAYCHUI
KOHLIEHTPALMU COJIM, a UMEHHO ¢, = 2.5 X 1079 u 107%. Jlna cpaBuenus 3nech
K€ IMPUBEICHBI COOTBETCTBYIOUINE 3aBUCHUMOCTH R yre(X), B3SIThIE M3 YHUCICHHOTO
pacuera (Pucynok 17(a, 0)).

3aBHCHMOCTH HAXOMSTCS B XopomreMm cormacuu. O0e 3aBUCUMOCTH, OCHOBAaHHBIE
HA MOJENH KoJularnca (TMOMEYeHHbIE pomMOaMHu), HAYMHAKOTCA TPH X = XO,
B KPUTHYECKOM Touke (pa3oBod nuarpamMmbl Ha Pucynke 23. Bemuuunbl Ry,
pPaCcCUYUTAHHBIE YUCIEHHBIM METOAOM, HCIIBITHIBAIOT CKAYOK B ATOM TOUYKE, U MEHSIOTCS
OT 3HaueHus paamyca chepbl NpummBKE Ry 10 Regre. Ipu oy = 107 Repre
MOHOTOHHO PacTeT C X W JOCTUTAeT MPEIEIbHOT0 pa3mMepa, COOTBETCTBYIOIIETO
MOJIHOCTBIO CKOJUIATIICUPOBABIIICH 3BE3/1€, B YCIOBUAX OYEHb IIOXOIO PACTBOPUTENS,
Reore = /3NM /4w, 3nauenusi R, CTPEMSITCS K 3TOMY Hpelelly He MOHOTOHHO
mpu p, = 2.5 x 1079, Kak yxe obcyxnanocs B pasuene 3.1.4, B yCIOBUAX HU3KOI

WOHHOM CHJIBI I[IpoueccCC KoJuialca IPOUCXOAUT CIIOHTAHHO, TaK 4YTO IIOYTH BCC JIy4U
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3BC3AbI IIOIIAAA0OT B AAPO B OUCHDb Y3KOM HMHTCPBAJIC U3SMCHCHUS X, OAHAKO, AP0 IIPpU
O9TOM OKAa3bIBACTCs HC BIIOJIHC IIJIOTHBIM. HpI/I ,Z[aJIBHefIHICM YXYAIICHUHU PpaCTBOPHUTCIIA

AAPO YIUIOTHACTCA, 10CTUTasd CBOCTO MPCACIbHOTO pasMepa.
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3.3. B3aumoneiicTBue ABYX 3Be3]]

MopnenupoBanue ampubuIbHON 3Be3bI MPOJAEMOHCTPUPOBATIO pa3HOOOpa3ue ee
paBHOBECHBIX KOH(Opmanuii u 0oraryro KapTuHy KOHQOPMALMOHHBIX IIEPEXOI0B MPU
MU3MEHEHUU BHEITHUX YCIOBHIA.

B BomHOM pacTtBOpe (MM B BOJHO-COJIEBOM PAaCTBOPE MPU HU3KOM COJEPKaHUU
OJTHOO/IHOBAJICHTHOW COJM) MOJMKUCIOTHAs 3B€3/la KOJUIAIICUPYET Kak ILenoe, a
€€ 3BEHbsI MPU ITOM MPAKTHUYECKH HE HMOHMU30BAHBI, XOTSI KOHCTAHTa WOHHU3ALNH
MOHOTEHHBIX TPyNI MeHbIIe 3HaueHus: pH pactsopa.

VYBenuueHue copep)kaHusi COJM B PacTBOPE BEIET K MOHM3ALUUU M HAOyXaHHIO
3Be31bl. PaBHOBecHass KOH(poOpMalMsi MEHSETCS OT  KOJUIAIICUPOBAHHOW 10
pa3BepHyTOM € O0pa30BaHWEM KBAa3UMHIICIUISIPHOW CTPYKTYpPbl C HE3apsHKEHHBIM
KOJUIAIICUPOBAHHBIM  SIAPOM, OKPYXKEHHBIM 3apsDKCHHOW KOpPOHOU. YacTh Jyuen
LEJIUKOM pacIioyiaraeTcsi BHYTpU sJipa, Jpyras 4dactb oOpasyer kopony. Ilo mepe
pocTa KOHIIEHTpAI[MU COJM pa3Mep sijipa yMEHBIIAeTCs 3a CYET Iepexoaa Bce
Oonbiiel yactu Jydeid B KOpoHy. [IpM OTHOCHTENBHO BBICOKOM COJEpPMKAHUU
COJIM 3Be37a MPUOOpPETAeT IMOJHOCTHIO PA3BEPHYTYI0 KOHPOpPMALUIO € CHIIBHO
PacCTSHYThIMU 3apSDKEHHBIMU JIyYaMHU.

IIpn mnocnenyromeM yBEIMYEHUM KOHLUEHTPALUH COJIM CTENEHb HOHU3AIUU
JOCTUraeT HACBIIIEHUS, U B JaJIbHEUIIEM KOH(OpMAaLUs 3BE3/bl ONPEIeIIeTCs
3G (HEKTOM SKpaHUPOBKHU DJIEKTPOCTATUYECKUX B3aUMOACHCTBUI, YTO BBIPAXKAECTCS B
YMEHBIIEHNUN CTENEHN €€ HaOyXaHUs.

B pesynbrare mnpu MOHOTOHHOM YBEJIIMYEHWHM KOHIEHTpPALMM COJIU B
BOJIHOM pacTBOpe HaOJMIOAAETCs HEMOHOTOHHOE€ HM3MEHEHHE pPa3MEpPOB 3BE3[bI.
CpennexBazpaTU4YHbIA pajnyc HMHEpUMM [, BHA4ale BO3pACTaeT, 3areM, PO
yepe3 MaKCUMyM, HAYMHAET YMEHbIIATHCS.

DTOT pasgenn MOCBSALIEH HWCCICAOBAHUIO  B3aWMMOIECHCTBHS  JABYX  3BE3[,
HaXO[sUIMXCAd B KBa3UMULEUIAPHOM COCTOSHMU. B jgaHHOM wyacTu paboTh

UCIMOJIB3YETCSl T. H. AByXrpaaueHtHeii meton Cxoirtenca—®@nupa [41, 92]. B
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TOM pfa3anun MCETOJAa YPAaBHCHHA CaMOCOITIACOBAHHOI'O IIOJIA PCIIAOTCS Ha
HBYMCpHOﬁ pPCHICTKC, 4YTO AaCT BO3MOXHOCTL HCCICAOBAHHA CHCTCM, B KOTOPBIX
HCOAHOPOAHOCTDH pacnpe;[eneHm‘/’I KOMITOHCHTOB YUHMTBIBACTCA B JIBYX HAIIPABJICHHUAX.

Hanpumep, B akcwmaabHOM © pajuajbHOM, IS CHUCTEM, OOJIAJafOlIAX OCEBOM

CHUMMETPHUEN.

3.3.1. Moaeiab 1 MeToJ

PaccmoTpuM 1Be OnMHAKOBBIE MOJIMDJIEKTPOJIUTHBIC 3BE3/bl, HAXOASIIMECS Ha
paccTtostHUU [) W TOTpYyXEHHBIE B BOAHO-coiieBoi pactBop (Pucynok 25). Ilycth
Kaxaas 3Be3fa cocTouT u3 M = 5 JNUHEHHBIX NoauMepHbIX nemer mo N = 30

OJHMHAKOBBIX C(bepI/I‘ICCKI/IX MOHOMCPHBIX 3BCHbLCB.

A
Y

~ -
~a -

Pucynoxk 25 — Cxemarnueckoe M300pakeHUE UCCIEAYyEMOM CUCTEMBI. JIBe

KBa3UMHICIIVIAPHBIC 3BC3/Ibl, HAXOAAIMMNUCCA Ha PaCCTOAHHUHN D, BBaHMOHCﬁCTBYIOT

JIpYyT C APYTroM.

Anroputm CxoiiteHca—®Dnupa MpeanojaraeT IUCKPETH3AIMI0 IIPOCTPAHCTBA.
BBuay oceBoul cMMMETpUM INOCTABICHHOM 3aa4M HMCIIOJIB3YETCS HMUJIWHAPUYECKAS
pemieTka, nmokasaHHas Ha Pucynke 26. O06e 3Be3npl 00pa3oBaHbl COBOKYITHOCTHIO

M gnyueil, NPUIIUTHIX B JINCKAX C KOOpJMHATAMMU 2] U 29, U COCTOSIIIUX W3 JIBYX
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KOHIICHTPUYECKUX KoJiell ¢ pamuycamu r = 1 u r = 2 (Pucynok 25). Pacctosiaue

MEK]ly 3B€3J1aMU ONPEAENIAETCS BENUUUHON D = 21 — 2o.

Pucynok 26 — Cxema IuCKpeTH3alMK MIPOCTPAHCTBA, UCTIOIb3yeMas B paboTe.
OO0beM OTHENBbHO B3SITOTO KOJbIA (MJIA KOJTUYECTBO SIYEEK B KOJIBIIE) 3aBUCUT OT

paccrosinusi ot uentpa L(r) ~ 2.

Kak yxe ynomuHasiocs B paszzaene 2.2, anroputm CxonreHca—®dDnupa OCHOBaH
HAa WTEPAaTUBHOW MNPOLEAYype CaMOCOINIACOBAHMUS IOTEHIMAIOB BCEX KOMIIOHEHTOB
CUCTEMBI ux C HUX OOBEMHBIMH AOISIMHU (px. CBA3HOCTH CErMEHTOB IOJIMMEPHOM

MOJIEKYJIbI X U3 S CErMEHTOB OIMCHIBAeTCS ypaBHeHHeM nuddy3un DuBapaca

= a"V°Gx(r — Gx(r 38
Os a X(I',I',S) kBT X(I',I',S), ( )
B KOTOpOM kp — mnoctosHHas bombimana, 77 — Ttemmeparypa. Gx(r',r,s) —

CTaTUCTUYECKH Bec KoH(popmamui 1enu w3 S CErMeHTOB C KOHIIAMH,
3a()MKCHPOBAHHBIM B TOYKax I’ W T.
B ciyuae 3Be3/1b1 KOOPAMHATHI TOYKHU IPUIIHBKA I’ QUKCHUPOBAHBI, YTO OIPEAEIIAET

OJIHO U3 KPaeBbIX YCJIOBUHU 3aa4u

Gx(r=r,s=1)=o, (39)
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IJI€ 0 — IUIOTHOCTh MPUIIUBKH JIy4el 3Be€31bl. BTOpOU KOHEN Jy4ya 3BE34bI OCTACTCA

CBOOO/IHBIM, YTO 33aeTCsI BTOPHIM KPAeBbIM YCIOBHEM
Gx(r,s = 1) = e7ux®)/ksT (40)

VpaBHeHune 38 BMECTe C KpaeBbIMH YCIIOBUSIMH PELIACTCS B IHCKPETH30BAHHOM
dbopwme.
[To Benuunue G onpenensercs oObemHas 1osi px(r,s) MOHOMEPHOTO 3BEHA

MOJICKYJIbI ¢ HOMCPOM S. B coorBeTcTBHUU C 3aKOHOM KOMITIO3HMIIN

G aYe. g
ox(r, 5) = Z X(ro,r,gx(i(z,)r, s)’ 1)

v
rjie ro — TOYKa (KOJIBIO) MPUIIMBKU BeTBed 3Be3mbl, Gx(ro,r;s) u Gx(r,r'; S —
$) — CTATUCTUYECKHI BeC JIByX cyOlieneil MOJEKyibl C KOHIIAMH B TOYKax ro u r’
COOTBETCTBEHHO, CBSI3aHHBIX CErMEHTOM C HOMepoM S B Touke r (PucyHok 10 u3
pazaena 2.2.2).

[To 0ObeMHBIM JOJIIM KOMIIOHEHTOB HAXOIUTCS paclpeleeHHe MOTeHIINAIO0B

MOJIEU, AEUCTBYIOINX HA KOMIIOHEHT CUCTEMBI X
ux({(r)}) = v’ + ux " +ux. (42)

3mech v’ = In(1 — px) — none, onpeneNsieMoe YCIOBUEM HEC)KUMAEMOCTH CUCTEMBI
Yoxex = 1, u%h"” — TMOTEHIHAJ] IOJIs, CO31aBa€MOT0 KOPOTKOAECHCTBYIOIIMMMU

B3aNMOJEUCTBUSIMHU

w7 =) xxy (pv(r)), (43)
Y

IJIe YIJIOBbIE CKOOKM 0003HAYAIOT YCPEAHEHUE 10 OJMKANIIMM K T CJIOAM (KOJIbLAM),
u§ — TOTEHIMAN DJNEKTPHYECKOTO II0JiS, KOTOPBIA JAaeTcsl PElIEHHEM yPaBHEHHS
Ilyaccona

Vg = —4mgxex, (44)

gx — BCJIIMYHHA JJICKTPUYCCKOI'O 3apsjia KOMIIOHCHTA CUCTCMbI X.
HpI/I 3aJaHUH HW3HAYAJIbHOTO MNPCAIIOJIO0XKCHUA O PpaCHpCaACIICHUN KOMIIOHCHTOB

cucteMbl x(r) pacuuThiBaeTCs MPOGuIb HMOTEHIUaNa nojis ux(r), AeHCTBYIOLIEro
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Ha KOMIIOHEHT X. 3areM 1o ypaBHEHUSIM 38—41 BbIYUCHSETCS HOBOE, YTOUHEHHOE
pacnpejeneHine KOMIOHeHTOB x(r). IIpouenypa moBropsieTcs j0 TeX HOp, MOKa
He OyJeT HaiJIeHO HEKOTOPOEe YCTOMYMBOE caMOCOTiIacoBaHHOE perieHne. [Ipu atom
HalJICHHOE peleHne OylIeT COOTBETCTBOBATh KOH(PUTYpAITH, KOTOpasi 00eCIeunBaeT
MHUHUMAaJIbHOE 3HAYEHHUE MTOJTHON CBOOOIHOM dHEPTUU CUCTEMBI. Eciu e B 3HAaUCHUSIX
CBOOO/IHOM DHEPruU MMEETCS JIBa Wid 00Jie€ MUHUMYMOB, TO HAWJICHHOE PEIICHUE
HeoOs3aTeNnbHO OylIeT pPaBHOBECHBIM, a MOXET OKa3aThCS HEKOTOPHIM, Hamboiee

OMU3KUM B KOH(PUTYPAITMOHHOM MTPOCTPAHCTBE, METACTAOMIBLHBIM COCTOSTHHUEM.

3.3.2. Kondopmannm yeAMHEHHBIX 3Be3/

Pasmepnbl 3Be3a. Tak Kak NMpu MaKCUMaJbHOM CONMKEHUHM JIBE S-Ty4eBBIC
3B€3bl CTAaHOBATCA OnHOM 10-1y4yeBoil, paccMOTpuUM CHauyaja KoHpopmauu
yenuHeHHbIX 3Be31 u3 5 u 10 nyueit. Ha Pucynke 27 npuBeneHbl MOJYyYEHHBIE
3aBUCHMMOCTH CPEJHEKBAJIPATUYHOIO DPajMyca MHEpUMHM 3Be3] R, = (R;) oT
KOHILIEHTPALMU COJIH (.

Ha Pucynke 27 cHOBa MOXHO BUJIETb HEMOHOTOHHOCTb 3aBUcUMOCTH R, ()
Pa3smep moHM3yeMbIX 3B€3]l B YKa3aHHOW OOJacTM MHUHHMAJIEH MPU HaUMEHbIIEM
U3 HCCIENOBaHHBIX 3HAYEHUN ;. C yBEIMUYEHHEM (g CHaAyajla pacTeT JoJIs
MOHU30BaHHBIX 3BE€3HBEB 3BE3/bl U, COOTBETCTBEHHO, PAaCTET €€ pa3Mep. 3aTeM, Koraa
MOHM3AINS JOCTHIAeT HACBIIECHHS, 3aBUCUMOCTD R ((s) CTAHOBUTCS TUITUYHON ISt
CUJIbHBIX TOJMDJIEKTPOJIUTOB B COJIEBOM pexumMe. OCOOEHHOCThIO KOH(pOpMaLUU
3Be31bl B oOmactu pocra R, sABISETCA, KaKk ObUIO IOKAa3aHO B IPEAbLIYLIEM
pazuene 3.1.2, cocyiuiecTBoBaHue B HeM ABYX (a3 — (a3bl siapa u Gas3bl KOPOHBI.

ComnocraBiieHHe pa3MepoOB 3BE3Jl W3 Pa3sHOIO YWCIA JIydyed IOKa3bIBAET, YTO B
007acTH MajbIX MOHHBIX CHJ pasMep y 3Be3n ¢ M = 10 meHsblie, 4eMm y 3Be31 ¢
M = 5. B coneBoM pexume (mpaBasi 4acTb PucyHnka 27) HaOmogaeTcss UHTYUTUBHO
pasymHoe cootHomenue R (M = 10) > R, (M = 5). DT0 TOBOPUT O TOM, YTO
JI0JIsI CKOJuTarnicupoBaBmuX Jjiydei y 10-mydeBoil 3Be3abl Bcerda OONbINE 4eM y 5-

aydeBoi. Tak, OCHOBBIBasICb Ha 3TOM Ipauke MOXKHO YTBEPXKJATh, YTO IPU Qg =
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[ 1 1 L

107 107 10°° 0.01
Os

Pucynok 27 — 3aBUCUMOCTh CPEIHEKBAIPATUYHOTO payca HHEPIUU
MOJIMKUCIIOTHBIX 3B€31 U3 M = 5- u 10-u nydeil OT KOHUEHTpAIMU COJIA B Cpeie IIPU
pH = 7. Yucno 3BeHbeB B iyye N = 30. Koncranra nonnzauuu pK = 6, mapamerp

ruapodobHocTH ¥ = 1.5. KpuBbie, cOeIMHSIONINE TOUKH, SBISIIOTCS THAOM JJIs TJ1a3.

4-1074 NATHIyYeBas 3Be371a BCe emie oaHodaszHa, a AeCITUIydaBas YK€ COIEPKUT

KOJUIAIICUPOBAHHOE SI/IPO.

KBasumunesisspasie koHpopmamun. Paccmorpum noapobHee xoHpopmanuu
NATH- W AecATrIyueBbix 3Be3n. Ha Pucynke 28 (a m 0) m300pakeHbl paananbHbIE
npouiM TIOTHOCTH 3Be31 (a) M pacupenesieHne BEpOSTHOCTH IOMaJaHus KOHIIOB
uened B cioil r (0) mATHU- WM JIECATUIIY4YeBbIX 3Be3[. KpuBble COOTBETCTBYIOIIHE
ISTUJYYEBBIM 3B€37aM — CIUIOLIHbIE, & JAECATUMIIYYEBbIM — IyHKTUpHbIE. Oba
cllydas paccMOTpeHHl B JByX BapuaHTax, mpu ¢, = 10% (uepHble KkpuBBIE) U
s = 4 -107* (cepwle kpuBble). Buano, uro npu ¢, = 4 - 10~ narunnyuesas 3Be3na
onHodaszHa. [Ipu mepexone OT BBICOKON KOHIIEHTpAIMU CONM K OOJee HU3KOW B HEM
oOpasyeTcs MIOTHOE SiPO, COCTOSIIEE B JAHHOM cliydae, mpuMepHo, u3 M .. ~ 2.2

aydyed u umerouiee paauyc =~ 4. OcraBuidecs e JIydd MOPOXOIAT 4Yepe3 sapo
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1) (a)

—_ (1), =107, M=5

— (2), =4x10" M=5

=== (3), 0=10", M=10
- (4), =4x10", M=10

0.1

0.01

10 : '
0 5 10 15 20 25
v
471' rzgoends (6)
1.25¢ .
o
0.75
0.5f
0.25F
O J
25
r

Pucynoxk 28 — Ilpoduns nmmotHoCTH (2) U pacnpeeneHne KOHIOB menei 38e31bl (0)
u3 M = 5 (xpusbie [ u 2) u M = 10 (xpuBbie 3 u 4) nydeit mo N = 30 3BeHbEB B
mioxom pactBoputene (x = 1.5). [Tapbr kpuBbIX (uepHas U cepasi) Ha KaXJI0M M3
PUCYHKOB COOTBETCTBYIOT JIByM 3HAQUEHUSM MOHHOI CHJIbI PacTBopa ©,. @ = 1074

kpusble I u 3), o, = 4 x 107* (xkpusle 2 u 4) u M = 10 (IIyHKTUpPHBIE KPUBBIE).
P ¥ P y
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HACKBO3b M 00pa3yloT KOpoHy. PacripeneneHue KOHIIOB IPHU ATOM IpEBpaIIaeTCs U3
YHUMOJAJILHOTO B OMMOAAIBHOE.

Ipu ¢, = 4 - 107* ngecarunyueBas 3Be3na, B OTIMYUE OT HATHIYYEBOH,
nByx(dazHa, OTHAKO MOXKXHO BHJIETh, YTO, HECMOTPSI Ha HAJW4YWE B HEH sipa, TpoPuih
IJIOTHOCTH €€ KOPOHbI, PABHO KaK M pacCIpeesieHe KOHIIOB, B TOYHOCTH COBIIQJIal0T
C COOTBETCTBYIOLMMHU PACHPEIEIECHUIMH MATUIIY4E€BOM 3Be3/1bl. TO ke camoe MOXXHO
cKas3aTh U B ciyyae o, = 1074, B koTopoM KoH(poOpMaImy o6enx 3Be3] pa3InyaroTcs
TOJIBKO JIMIIB pa3MepoM szapa. Eciu B mepBoM ciyuae npu o, = 10~* sapo cocrour,
B cpenHeMm, u3z M., = 2.2 nydei, yto coctaBisieT 45% OT BCero BeHIECTBA
3B€3/lbl, TO BO BTOPOM — KOJUIancupoBaHHO M.,.. = 7.1 nyueit — 71%. B 10 *e
BpeMs YHCJIO JIy4ell B KOPOHE B ITHUX YCIIOBUSIX OKA3bIBAETCS, MPUMEPHO, PABHBIM:
28 opu M = 5 u 2.9 npu M = 10. M0oXHO BHIIE€Tb, YTO IJIOTHOCTb KOPOHBI
MUKPO(}A30BO paCCIOEHHOMN 3BE3/bl OIPENEISECTCS CBOMCTBAMU PACTBOPUTEINSI U HE
3aBUCHUT OT KOMIIO3UIIMU caMoil 3Be3/1bl. Kak TOJNBKO MIOTHOCTH B KOPOHE MPEBBIIIAET
JOMYCTUMYI0 yCJIOBHEM MHUKpPO(])A30BOTO pPaBHOBECHS BEIWYHHY, TO HEOOXOIMMO
oOpasyetcs Bropas Mukpodasa, B KOTOPYIO U3 KOPOHBI MEPEXOIAT «JIUIIHNE» BETBH.
Tak dro, yem OoJibllle B 3BE3j€ JIydeld MpPHW MPOYUX PABHBIX MapaMeTpax, TeM

MaCCHUBHEC €€ AAPO.

@®a3oBble TUATPaAaMMBbI 3Be3[l. BpiOepeM OCHOBHBIMU NapaMeTpaMu CUCTEMBI,
OIpPEACIIAIOIIUMU CTPYKTYpY 3Be3lbl napamerp dnopu-Xarruaca x U OObEMHYIO
oI comm B cpenme ;. Ha Pucynke 29(a) m3oOpaxena dazoBasi amarpamma
coctossHUM 3Be3abl U3 M = 5 nyueit mo N = 30 3BeHbEB B KOOpPAMHATAX X H
ps. B obmact HU3KUMX MOHHBIX CWJI HAJ| MOIPAHMYHONW KPUBOM B BEpXHEHN JIEeBOMU
4acTH JMarpaMMbl pacliojoXeHa o01acTh MapaMeTpoB, OTBEYAOLIMX KOH(pOpMAalu
pPa3BEepHYTOH 3BE3[IbI, HE COAEpIKaIIel KosutarncupoBaHnHou (a3el. [lox morpannyHoOM
KPHUBOW HAXOAWTCS O0NACTh MapaMeTPOB, OTBEYAIOMINX ABYX(ha3HBIM KOH(OpMAaIuiIm

3BC3Hbl. CreneHp 3aTeMHEHUS KaKJI0ro KBaJAparuKa XapaKTCpHU3YyCT MHOJIHO J'Iy‘-ICﬁ,
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HaXOAIUXCse B AOPC. Uem Ommke J0JI1 TaKuX queﬁ K ¢IUHHUIC, TEM TCMHEC

COOTBETCTBYIOIIWI JaHHOM Iape X U (s KBAAPATUK HA THArpaMME.

(a) ©

s Ps
10’2 r 1

X 1

! am

; 1111
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Pucynok 29 — ®a3zoBbie nuarpammel. (a): OnuHouHas 38e31a u3 M = 5 jmyuei no
N = 30 3BeHbeB Kax/1pli; B IByX(pa3HON 001aCTH MHTEHCUBHOCTH OKPACKH KaXJA0T0
KBaJpaTvKa IponoplIrOHaIbHA J0JI€ KOHI[OB, MonaBmux B sApo. (0): ['panuipi
nByx(daznoit obsactu st 38e31 U3 M = 5 (HwkHsia kpuBasi) 1 M = 10 (BepxHsis

KpHBas) JTy4en.

[Tomo>xeHne rpaHUIlbl 3aBUCUT OT MapamMeTpoB 3Be3abl — uncina M u pmHbl N
JIydei, a IMEHHO, KaK ObLIO NOKa3aHo B paszele 3.2.5, oT ux coorHomenus M /N2,
Ha Pucynke 29(6) oObeaunens! (pa3zoBbie auarpammbl aiist 38e31 ¢ M = 5 u 10 nipu
N = 30. M300pakeHbI TOJBKO TpaHUIIbl, pa3ielstomne oqHopa3Hble U IByX(pa3HbIe
coctossaus. B camoit TemHO# obnmactu muarpammbl Ha Pucynke 29(0), 3Be3mbl Kak
u3 M = 5, tak u u3 M = 10 nmyueit comeprkaT KOMIAKTHOE SAPO, IPH HEOOIBIIIOM
yAaJICeHUd OT I'PaHULbl BHYTpPb oOnacTu OHM Bceraa AByxdasHbl. B Oernoii obnactu
nuarpamMmbl 3Be3fibl u3 M = 5 m 10 naydeidl WMeroT pa3BepHYTYIO OIHO(A3HYIO
koH(popmanuio. B mpomexytouHoit (cepoii) obnactu 3Be3nbl ¢ M = 5 ogHO(Da3HBI,
Torga kak 3Be3abl ¢ M = 10 aByxdas3Hbl.

B sTtom pazgene MBI pacCMOTPUM B3aUMOJCHUCTBUE ABYX MATHIYYEBBIX 3BE3/I.

Kakx BuaHo nHa Pucynke 29(6), BO3MOXHBI TpH IPUHIUIIHAAIGHO pa3INYHbIE
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CUTyallud, ONpeAeNsieMble NapaMeTpaMu Y U s. ECiau 3HaYeHUs] 3TUX MapaMeTPOB
IpUHAJICKAT 3aTEMHEHHOM Wi Oeor 001acTsM, TO (a30BO€ COCTOSIHUE 3BE31 IPH
ux cOmmkeHrun He MeHsieTcs. VcxomHo kBazumunenssipHeie (AByXdas3Hbi€) 3BE3/bI
ocTaroTcs JByx(¢a3HeiMHU, a ogHOo(da3Hbie ocTatorcs ogHoda3zHpiMHU. MHas cutyanms
UMEET MECTO, €CJIU X U g PUHAJISKAT TPOMEKYTOUHOM cepoii obnactu. B manHomM
Cllydyae UCXOAHO OJHO(a3HbI€ 3BE3/bl MPU COMMKEHUH W MPEBPALIEHUU B €IUHYIO
3BE31ly JODKHBI MEHSTH (pa30Boe COCTOsiHME. B 00pa3oBaBIIeiicss CTPYKType JAOHKHA

MNOABJIATBHCA HOBAsA (1)338 — IINIOTHOC AOpPO.

3.3.3. BzanmoneiicTBue IBYyX 3Be3/

Kondopmanuu mogyko/uiancupoBaHHbix 3Be3n. Coausinume sjgep. B
npenpiaymeM pasgene 3.3.2 Mbl  J€TalbHO MPOAHATU3UPOBAIN KOH(POPMALIUH
aMmpudmbHBIX HOHM3yeMbIX 3Be3d n3 N = 5 myueir mo N = 30 MOHOMEpPHBIX
3BEHbEB B Jyde. PaccMOTpuM, Kak MEHSIOTCS YKa3aHHbIe KOH(opMmamuu mpu
B3auMozecTBUM 3Be3i. Haunem ¢ aHaim3a 3Be31 B IOJYKOJUIAIICUPOBAHHOM
COCTOSSHUM U MPOCIEIUM 3a HU3MEHEHHEM pa3MepoB U (HOPMBI KOJIIAIICHPOBAHOM
¢a3pl Ipu B3aUMHOM COIMHKEHUH 3BE3/I.

Kak cnenyer u3 Pucynka 28(a), Hannune KOHJICHCUPOBAHHOU (a3bl (MUKpOGa3bl)
B c(hepuieckn CUMMETPUYHON 3BE3/Ie BCETJIa MPOSIBIISICTCS HA poduiie paanaabHOMI
IUIOTHOCTH KaK pe3Koe TaJeHue IUIOTHOCTH Ha TpaHune ¢asbl, T.e. Kak
OOJBIIOE IO MOMYIIO 3HAYeHWE MPOW3BOAHON rutoTHOCTH Op(1)/Or. Mbr Oymem
paccmarpuBaTh JIB€ 3BE3Jbl, paclojokeHHble Ha paccrosiuuu [). Takas cucrema
UMeeT He cQepuyecKyro, a IWIMHIPUYECKYI0 CUMMETpHio. B maHHOM ciydae
npoib TUIOTHOCTA CHUCTEMBI 3aBUCHT OT ABYX IEPEMEHHBIX © U 2, U TpaHHIIA
KOHJICHCUPOBAHHOW (a3bl MPOSIBISIETCS KaK OOJIbIIOE 3HAUYEHHWE MOMIYJS T'paJUeHTa
miotHocTH | Vo(r, z) |.

HccnenmoBanue  MOJIOKEHWsST  OTOW  TpaHWIBI B~ CHCTEME W3 JIBYyX

B3aMMOJIEHCTBYIOIIUX 3BE€3], HAXOIAIIUXCS HAa PACCTOSHUM [) MEXIy MX IEHTPaMH,
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MO3BOJISIET MPOAHATU3UPOBATh M3MEHEHHE (DOPMBI U pa3MEPOB KOHACHCHPOBAHHOM
¢da3bl npu u3mMeHeHuu 1.

Ha Pucynke 30 mpuBenensl KoH(poOpMauu AByX B3aMMOAEHCTBYIOMKUX 3Be37. Ha
HEeM O0TOOpa)kKeHa IBOJIIOLIUS TPAHUILIBI KOHJICHCUPOBAHHOM (a3bl B KOOpauHATAX (T, 2)
IIPY TIOCJIEI0BATEILHOM U3MEHEHUHU pacCTosiHUSL [ MeXly ABYMsI 3Be3iaMu. UepHbIM
IIBETOM II0Ka3aHO TI'€OMETPUYECKOE MECTO TOYEK IUIOCKOCTH (T, 2), OTBEYarollee
ycnouto | V(r, z) [> 0.3.

Kaxxnmoe mzobpakenne n3 HabOopa, mpencraBieHHoro Ha Pucynke 30, momydeHo
npu (pukcanuu MEHTPOB 3BE3] B TOYKAX 2] M 29, 0003HAUYEHHBIX BEPTUKAIBHBIMU
JUHASIMUA, TaK 9T0 [ = zo — z1. Habop Ha Pucynke 30(a) oTBeuaeT CONMKEHUIO 3BE3T
(untaercst cBepXy BHHU3), a HaOop Ha Pucynke 30(0) — ux pacxoXaeHHuro (UMTaeTcs
CHHU3Y BBEPX).

B o0oux cayudasx pacuer Kaxjaou cliieayromeid koHdbopmauuu Oa3zupyercs
Ha TPEIbIAYIIEeM pacueTe B KadeCTBE HAYalbHOTO NPHUOTMKEHUS, IO03TOMY
KaKJI0€ pEIICHHE COOTBETCTBYET JIOKAJIbHOMY MHHHUMYMY CBOOOIHON JHEpIuw,
pacIoIOKCHHOMY HamOoJiee ONM3KO K HavdaJlbHOMY IIPEAnonoxeHuto. OUYeBHIHO,
paznuuwsi, HaOMronaeMble pyu COMMKEHUN W PACXOXKIEHUU 3BE3l], CBUACTEILCTBYIOT
O CYIIECTBOBAHUU METACTAOWIILHBIX COCTOSTHUIA.

Ilpu o, = 1074, X = 1.5 obe 3Be3abpl camMu 10 cebe HM3HAYAJIBHO HAXOISATCS
B KBa3UMULEIUIIPHOM cocTosiHnu. Ha Pucynke 29 nepecedeHue COOTBETCTBYIOLIMX
NYHKTUPHBIX JIMHUHM JIEKUT B AByX(ha3HOU (YepHOI) 00IacTy.

Bnauane, xorma paccrosame [) Benuko (BepxHUM Tpaduk u3 Habopa Ha
Pucynke 30(a)), 3Be31bl MPAKTUYECKH HE HCIBITHIBAIOT B3aUMOIEUCTBHUSA. BumaHo
JIBa YETKO BBIpaXXEHHBIX sijpa cepuueckoit Gopmel. Ilpu cOmmxennn gopma siaep
NPAKTUYECKU HE MEHSIETCS BIUIOTh 0 [) = 8, KOT/Ia X MOBEPXHOCTH MOYTH KaCatOTCs
npyr apyra. [Ipu D = 7 npouCXOoauT CIUSHHUE JIBYyX sIJIEp B OJHO SIAPO JLIUITHYECKON
dopmel. [lpu nanpHelmeM COMMKEHUHW TOUYEK NPHUIINBKA OOBEAMHEHHOE SIPO

CTAHOBUTCS C(HepUUYECKUM, U TIPH MaKCUMallbHOM cOmmkeHuu, npu D = 1, cucrema
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Pucynok 30 — I'panunp! KojmancupoBaHHOUM (a3pl B 3aBUCHUMOCTH OT paccTostHus [
MEXy UEHTpaMu JIBYX KBa3UMUULEUISIpHbIX 3Be31 U3 M = 5 nyueit no N = 30

3BenbeB. [lapamerpnl pacTBoputens ¢, = 1074, v = 1.5. (a) — cOmaxenue, (6) —

PACXOXKIACHUC 3BC3 .
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(dakTHUeCKH TPEACTaBIsAeT CO00M KBa3UMHIIECIITY, CHOPMHUPOBAHHYIO 3BE30M U3
yABOEHHOrO yucna jyueit (M = 10).

Ilpn ymanmenun todexk mpumuBku npyr ot apyra (Pucynok 30(0)) oGmee siapo
CHOBA BBITSATHBAETCS IMPEBpaIIasch B JUIMIICOWA, W pasieisercs Ha JBa npu D =
10. 3amerum, 4YTO pa3zgeneHue NPOUCXOAUT HA paccTtosHur [), OobIIeM, YeM
npu ciausiHuu. Tak B mHTepBasie 7 < D < 10 cucrema u3 ABYX 3BE3J] MOXKET
HAXOAWUTHCS B JIBYX COCTOSIHUSIX — C pa3lelICeHHBIMH WA OOBEAMHEHHBIMHU SIAPAMH.
Kak Oymer mokazano Hmwxke (PucyHok 34), mepBoe W3 COCTOSIHUH XapaKTEpH3yeTCs
O6mpIIeii CBOOOMHOM PHEpPruei, ClIeI0BaTelIbHO, ABIIETCS MeTacTabmibHbIM. [locie
paznmeneHuss oba siApa UMET chepruueckyro GopMy U KapTHUHBI PACXOXKIEHUS U
CONMMKEHUS HE OTIUYAIOTCHI.

HeuyBcTBUTENBRHOCTE (OpMBbI sijiep (IIOKA OHUM HE CIHMIUIMCH) K CONMXKEHUIO
3Be3 He yuuButenbHa. Cdepuueckas ¢opma onpenensiercs MHHUMU3ALUEH
SHEPTETUUYECKUX MOTEPh Ha TTOBEPXHOCTH HE3APSHKEHHOTO SI/Ipa, CTAOMIIH3UPOBAHHOTO
ruapodoOHBIM  B3aumozeicTBueM. Tak kak ruapo@oOHBIE B3aMMOJEHCTBHS
KOPOTKOZEHCTBYOIIME (B HAIIEH MOAEIN OHH PACIPOCTPAHSIIOTCS TOJIBKO B Mpeeax
OJTHOTO CJIOSI penieTkn), hopma siaep He YYBCTBUTEIbHA K COMMKEHUIO 3BE3J1 JIO TeX
1op, TIOKa OHW HE KOCHYyTCs Jpyr japyra. OaHako, XOTs Ha OOJIbIINX PACCTOSIHUSX,
IIOKa HET HEMOCPEICTBEHHOr0 KOHTAaKTa sijiep, X (opma u cCoOXpaHseTcs, JAeTalbHbINI
aHaJM3 IO0Ka3bIBA€T, YTO KOJIMYECTBO BEIIECTBA, (POPMUPYIOUIETrO sijipa, pacrer Io

Mepe COMMKEeHUs 3Be3I.

Iepexon Jaydeirt B siapo. PaccmMoTpuM BHYTPEHHIOK CTPYKTYPY OTIEIBHO
B3SITOM 3BE3/pl IO Mepe npuoOimkeHust kK Hell Bropoid. Ha Pucynke 31 nzoOpaxeHsi
KOHTYPbI PACHpeeI€HUsl IUIOTHOCTH OAHOM U3 3BE3[, [P OTCYTCTBUU COCEAHEH (Cp.
¢ Pucynkom 28(a)) u nmpu HaTU9IUH psAaOM (CIipaBa) TaKoOW K€ 3BE3IbI HA PACCTOSHUH
D = 15, 10 u 7. Cayuau D = 15 m 10 CcOOTBETCTBYIOT JABYM pa3/eJICHHbBIM

KBazumuLeiiam, a ) = 7 — OHOUW €IMHON 3BE3/1€ C BBITSHYTHIM SIIPOM.
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Pucynok 31 — KontypHOE n300paxeHue pacrupenaeiaeHus MOITMMEPHON IIOTHOCTH ¢
B JIEBOM 3Be31e. [[yHKTUPHBIMY JTMHHUSIMH TTOKa3aHbl KOHTYPBI INIOTHOCTH ITPAaBOMN
3Be31bl. D — paccrossHue Mex 1y neHTpamu 38e31. Yucia Bo3jie KOHTYpOB —
3HAYEHUs MOJIMMEPHOM IUIOTHOCTH. () — yeMHEeHHas kBazumuuemia; (0, B, r) —
COOTBETCTBEHHO KOHTYpHI IoTHOCTH 1ipu DD = 15, 10 u 7. BeprukanbHbie npsiMbie

0003HAYarOT KOOPAWHATBI «KIIPUIIUBKH» 00enx 3BE€34 21 U 2.
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Ha mpuenennom Pucynke 31 BuIHO, 4TO Ipu CONMIKEHUU 3BE€3[ HU pa3Mephbl
BHEIIHUX 4YacTed KOPOHBI OTAENbHO B3ATON (JI€BOW) 3BE31bl, HU €€ IUIOTHOCTH
PAKTUYECKU HE M3MEHSIOTCA I0 CPAaBHEHWIO C MapaMeTpamMu HE BO3MYILIEHHOM
kBazumuiewisl (D = o0). CyllecTBEeHHbIE HM3MEHEHHMs, OJHAKO, MpPETEepIIeBaeT
BHYTPEHHSISI 4acThb KOPOHBI 3Be3/bl (IIpaBas 4YacThb JIEBOM 3BE3/bl). JTa YacThb
KOpOHbI cxxumaercs. IIpuunna yxona jiyuyel u3 BHyTPEHHEN 4acTU KOPOHbBI OYEBU/HA.
IToMMANEeKTPONUTHBIE JIyYH HECYT 3HAYUTEIBHBIA 3apsA U CHIIBHO OTTAJIKUBAKOTCS OT
Jy4erd BCTPEYHOU 3Be31bl. MIHTEpECHO, OHAKO, TO, YTO YXOJ JIy4Yeil W3 BHYTPECHHEU
o0nacTu He MPOSIBIIAECTCS B BUJE POCTA MOJIUMEPHOM IUIOTHOCTU BO BHEIIHEH YacTH
KOPOHBI. ITO TOBOPHUT O TOM, UTO B AByX(a3HOii 3Be3zie (B ciayyae ¢, = 10~*) BMecTo
TOT0, YTOOBI 3aru0aThCs, JIydl MepexoAsT u3 (a3bl KOPOHBI B PO, YBEIUUUBAS TEM
cambIM ero o0bem. Dopma sizipa ocraercs pu 3ToM cepudeckoi. [Ipu nepexoxne or
caydyasi D = oo k D = 10 paguyc sigpa uzmensiercs ¢ 8.5 10 9.0, 4To COOTBETCTBYET
YBEIIMUEHHIO pa3Mepa sjipa Ha ~60 sueek.

[locTeneHHOE yBeIMYEHHE 4YHCIIAa LENed B sApe MO Mepe COMMKEHHsS 3Be3J
npogaeMoHCcTpupoBaHo Ha Pucynke 32. Jlanubiii sddexr cBsazan ¢ aByxdaszHoii
CTPYKTYpoii 3Be31. [IBe cocymecTBytomme (a3bl JOHKHBI HAXOIAUTHCS B PABHOBECHH.
Poct uncna nydeil BO BHEIIHEW 4acTH KOPOHBI MTPUBEI Obl K 3aMETHOMY IOBBIIIEHUIO
UX XUMHUYECKOIO0 MOTEHUMAJa HU3-32 YBEJIMYEHUS IUIOTHOCTH 3TOM YacCTH KOPOHBI.
Hanporus, BBeneHME «IMILHUX» JIydye€d B sIpO HE MEHSeT IUIOTHOCTM sijpa
(ompenensieMoil TOJIKO IMapaMeTpoOM Y) M Majio CKa3bIBaeTCSl HA XUMHUYECKOM
noreHuuane yydya. PaBHoBecue Mukpodas B KaxJI0i U3 3Be3] IPU UX COMMKECHHUU
oOecrieunBaeTCsl MyTeM Mepexo/ia OCHOBHOM YacTU «BBITECHEHHBIX» U3 BHYTPEHHUX
yacTell KOPOHBI LENeil B s/pa KBa3UMHIIEI. 3aMETUM, YTO MOMEHT KacaHHs siJep
COMPOBOXK/IAETCS] CKAYKOM JI0JIM CKOJUIAIICUPOBAHHBIX JIy4el, 00yCIOBICHHBIM PE3KUM
yBEJIMYEHUEM O0beMa IUIOTHOM (Da3bl MU MEPEXoae OT ABYX C(HEPUUYECKUX «KaIleIIby

K €IMHOU DIUTATICOUIAILHOM.
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Pucynok 32 — KonudecTBo KOHIIOB Iierieil 00enx 3Be37, MOMaBIIuX B
KOJIJIAIICUPOBAaHHYIO (ha3y, B 3aBUCUMOCTH OT PacCTOsiHUS [) MEXay LEHTPAMU 3BE3]
npu @, = 10~*. Tlox konnancupoBanHoit (Ga3oii HOHMMAaeTcs 00IacTh, B KOTOPOi

@ > 0.02. 1 — commxenue 38e31, 2 — paCXOKJICHHE.

dopMupoBaHHEe KBasUMHUIle] NPUH B3auMmoaercTrBuu. Poct yucima nyden B
KOJITAIICUPOBAHHOM (ha3e C yMEHBIIICHUEM PACCTOSIHUS MEXK/LYy 3BE3/IaMU MPOSBIISAETCS
€lle BbIPA3UTEJIbHEE B TOM Clydae, KOrja JIBE€ 3BE3Jlbl, KOTOpbIE HW3HA4YaJbHO
Ha OOJbIIOM pPACCTOSHUM HAXOJUIUCh B OAHOGA3HOM (HE KBA3WMHUILICIISPHOM)
COCTOSIHUM, TpU COMMKEHUU (POPMUPYIOT JIBE KBA3UMUIEIIbI. Takoe MOBEICHUE
3Be3n u3o0paxkeHo Ha Pucynke 33. 3mech, kak m Ha Pucynke 30, moka3aHbI
TPAaHMIIBl KOJIJTAIICHPOBAaHHOM (a3bl B 3aBUCUMOCTH OT [) 1y JBYX 3Be31 W3
M = 5 nyueii mo N = 30 3BeHbeB Kaxablid. [lapamerpbl pacTBOpa BHIOpAaHBI
COOTBETCTBYIOIIIUMHA BEPXHEMY TEPECEUECHUI0 IMYHKTUPHBIX TPSMBIX Ha (Ha30BOM
nuarpamme Pucynok 29(6), a umenno ¢, = 4 - 107% x = 1.5 (cepas obmactsb
nuarpammbl). [Ipu Takux yciioBusix oguHo4dHas 3Be31a u3 M = 5 aydeil HaXOmuTCs B

HaOyXxI111eM cOCTOsiHuM, a 3Be31a u3 M = 10 nyuelr — kBazumuuemsipaa. BujgHo, 4yto
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Pucynok 33 — I'panunpl KojmancupoBaHHOUM (pa3pl B 3aBUCHUMOCTH OT pacCTosiHUus [
MEX]Iy IIEHTPaMH JBYyX B3anMOJEUCTBYrOIUX 3Be31 n3 M = 5 nyueit mo N = 30
moHoMepoB. Ilapamerps! pacTBoputens ¢, = 4 x 1074, y = 1.5. (a) — cOnmxenue,

(6) — pacxoxaeHue 3Be31.
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pu COMMKEHUU BIUIOTH M0 [D = 22 y 00enx 3Be31 OTCYTCTBYET KOJUIAIICUPOBAHHAS
daza (Pucynok 33(a)). Ilpu D = 21 B meTpax 3Be3 3apOXKIAIOTCS siipa, KOTOPbHIE
yBEIIMUNUBAIOTCS BILUIOTh 10 [D = 6. [lamee siapa cimBaroTcsi — 00€ 3BE3/bI TETEPh
(bakTUYeCKn TPEACTABISIOT COOOW OIHY ACCATHIYYEBYIO W (DOPMHUPYIOT EIUHYIO
kBazumuiesnty. [lpu pacxoxaenuu (Pucynok 33(0)) enqnHoe sigpo yCTOMYMBO BIJIOTH
nmo D = 8, t.e. B o0nacTu ClOusiHUS W pa3feieHus siaep CHOBAa HAOJIONAETCs

ructepesuc (cp. ¢ Pucynkom 30).

CroOognasi 3Heprust B3aumoneiicteusi. Ha Pucynke 34 npuBeneHa
3aBUCUMOCTH CBOOOJHOW DHEPrHMM CUCTEMBI JBYX 3BE€3][ OT paccTosiHus [) MexIy
HUMHU TpPU PA3NIMUHBIX KOHILIEHTpAUUsix coiu B pactBope. CBoOoaHas sHeprus
OTCUYMTaHa OT 3Ha4yeHwus, nomydenHoro npu D = 30, AF = F(D) — F(D = 30).
bynem TpaktoBarh pazHOCTh AF’ Kak SHEPTUIO B3aUMOJICHCTBHS 3BE3/, IpeHEOperast
U3MEHEHHEM CBOOOIHON JHEPruM MpH IEpPexXofe OT HU30JMPOBAHHBIX 3BE3/ 10 HUX
commkenus Ha pacctosHue D = 30.

Jis  TOoro, dTOOBI TPOJEMOHCTPUPOBATH paA3IMYME TIOBEIEHUs JIAHHBIX
3aBUCUMOCTEH B 00JIACTH OTHOCUTEIHHO BHICOKMX M B 00JaCTH HU3KUX MOHHBIX CHJI,
Ha Pucynke 34 oHu npuBeneHbl Ha JByX rpadukax, (a) u (0) COOTBETCTBEHHO.

Kak BumHo u3 Pucynka 34, korma HM30IUpOBaHHBIE 3BE3/bl KaK MSTH-, TaK
U JIeCATUWIYYEBblE, HMMEIOT pa3BepHyThble OnHOGa3HbIe KOHPOpMAIUU, a 3TO
peanusyercs mpu @, = 4 x 1073 wm 1073 (BepxHuii rpaduk), cBoOoxHas
SHEpPTrHus WX B3amMojeicTBHs AF MOHOTOHHO pacreT ¢ yMmeHblieHnem [. 3To
00yCJIOBIIEHO HEOOXOIMMOCTBIO 3aruOaHusi JIy4eil, U COOTBETCTBYIOILIEH MOTEpeit
KOH(pUTypalMOHHOUW dHTporuu cuctembl [57,102, 103]. YBennueHue KOHIEHTpALIMU
COJIM B OTOM CJIy4yae MPUBOJIUT K OCIA0ICHUIO B3aUMOJICHCTBUSI.

Ipu o, = 1074 ¢, = 4-10° u ¢, = 107° U30MUPOBAHHBIE 3BE3IbI U3
ISTU JIy4ei, paBHO KaK M JECATUIY4YeBble MMEIOT JByX(aszHble KoH(popmauuu. B
3TOM Cily4ae BMECTO TOT0, YTOOBI 3aru0arbCsi, y BETBEW MOSBISIETCS BO3MOXHOCTb

nepexona B KoJiaricupoBaHHyio ¢azy. Ha Oompmmx paccTOSHUSIX 3BE3IBI  I10-
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Pucynok 34 — CBoGogHasi sHEprus B3aUMOAEUCTBUS 3BE€3]] B 3aBUCUMOCTH OT
paccTosiHus D 1pu pa3IudHbIX 3HAYCHUSIX KOHLUEHTPAIMHU COMU s (OTCUET OT
cB0oOoHOI sHeprun npu D = 30). Ha o6oux PucyHkax onuH u TOT xe HaOOp
kpuBbix. Ha BepxHem Pucynke (a) BbiJieJIEeHbl KPUBbIE COOTBETCTBYIOIINE
OTHOCHUTEJIbHO BBICOKOM KOHIIEHTPAIIMM COJIU B PACTBOPE, a HA HIKHEM (0) —
nuskoit. Heomnosnaunoctu 3aBucumocrteii npu o, = 1074 u 4 x 10~* cpsazans ¢
TPOSIBIICHUEM THCTEPE3UCa, IPH 3TOM PABHOBECHBIM (HWXKHHUM) 3HadeHHUSIM A F

COOTBCTCTBYCT PACXOXKACHUC 3BC3/.
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IPEXKHEMY OTTAJKHBAIOTCSI, OAHAKO 9TO CBSA3aHO B OOJIBITNIEH CTENEHN ¢ YMEHBIIEHUEM
JOCTYITHOTO I CBSA3aHHBIX HMOHOB 00BbeMa. OTTalKMBaHUE COXPAHSIETCS 110 TEX
op, TOKa siApa KBA3MMHUIIEITT COXPAHSIOT WHIWBUAYAIHBHOCTh, a TIPU CIWSIHUU JIBYX
siIep B DHEPIrUM B3aWMOJICHCTBUS TOSBISETCS JOKAJbHBIM MUHHUMYM. OTMETHM,
YTO JIAHHOMY MHHUMYMY OTBe4aeT He cdepuuecku cummerpudHas Gopma sapa
00BEIMHEHHON KBAa3WMMIIEIUIbI, a 00JIE€ WJIM MEHEE BBITSAHYTAs, DJUIMICOUIAIbHAS
dopma (cp. ¢ Pucynkom 30). C ymeHbIIIEHHEM (g PacTeT JOJS CKOJUTAIICHPOBAHHON
MUKpO(da3bl U, CIEIOBATEIIbHO, YCUIWBACTCS MPUTSHKEHWE HA MAJIBIX PACCTOSHHSIX
n ocmabeBaeT OTTaJIKMBaHHe Ha Oonbmux. B oOmactu rucrepesnca Oonee
yCTOMYMBOW KOH(OpPMAIIMH, TO €CTh MUHUMAJILHOMY 3HAYEHUIO CBOOOIHOW DHEPTHUH,
COOTBETCTBYET COCTOSIHHE C OOBEIWHEHHBIM SIJIPOM, KOTOPOE peaau3yercs IpHu
PACXOXKIEHUH 3BE3I.

Cnywaii ¢, = 4 x 107% sBnsercs NPOMEKYTOYHBIM MEXKIAY JBYMS
paccMOTpeHHBIMU. 3Be31bl U3 M = 5 nydeil B 3TOM cllydya€ UMEIOT Pa3BEPHYTHIC
KOH(pOpMaINK, IMOKa paccTossHue [) MEeXAy HHMH BEJIHKO, a CyMMapHas 3Be3Ja u3
JECATH JIy4eil TIpu 3TOM uMeeT NByx(da3nyto koHpopmaruto. [Ipu cOmmKeHNn 3831
OHU CTAHOBSTCS ABYX()a3HBIMH, HO UX SIIpa HE BEJIMKH, TaK YTO CIMSTHUE SIAEP, XOTS U
M3MeHsieT HaKJIOH 3aBucuMoct AF (D), He MPUBOAUT K MOSIBICHHUIO MOTEHIIUAIBHON

SAMBI.

3.3.4. 3akiI0unTeJIbHBbIC 3aMeYAHUA

Urak, B Hacrosimed 4Yactu pabOThl METOJOM  UYMCIEHHOTO  PEIICHUS
ypaBHEHUW caMocornacoBaHHoro mons (meton CxonreHca—dnupa) HCCIIETOBAHO
B3aMMOJICUCTBUE JBYX MOTMUMEPHBIX aM(PUGUIBHBIX MOHU3YIONIUXCS 3B€37] B BOJHO-
COJIEBOM PacTBOPE IIPHU HU3KOM KOHIIEHTpAMU coiu. 3HadeHue pH Obu10 BEIOpaHHBIM
ONMM3KMM K mapaMeTpy p/ 3BEHBEB, YTO 00ECIEUMBAIO WX YACTHYHYH) MOHU3AIUIO
IpyU MOTPYXREHUU B cpeny. lIpoaHanuM3upoBaHO B3aUMOJCUCTBUE 3BE3/l, 3BEHbS

KOTOPBIX B HE3apsHKEHHOM COCTOSIHUM TuapodoOHbl (mapamerp Dnopu—XarruHca
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X = 1.5) Ipu U3MeHeHNH KOHIIEHTPALMU COU B pacTBope ¢, oT 1077 10 4 x 1073 u

II0Ka3aHo, YTO:

® U3MEHEHUE (g MEHSIET XapaKTeP B3auMOAeHMCTBUSA 3Be31. [1pu npeesibHO HU3KOoU
KOHIIEHTpAllMKM comu ¢, = 107° 3Be3ABl B3aMMOEHCTBYIOT ITMIIL HAa MabIX
PACCTOSIHUSIX, TIPUYEM 3TO B3aUMOJICUCTBHE HOCUT XapakTep MputTsokeHus. [lpu
©s = 1073 u 4 x 1073 B3auMosneiicTBue 3Be3]] ABISETCS OTTANKMBaHHEM. B
IIPOMEKYTOUHOM obnactu 3HadeHuit ¢, = 10°% u 4 x 10~* B3aumoneiicTBue
3B€3]l HOCUT OOJiee CIIOXKHBIM XapakTep: Ha OOJBIIMX PACCTOSHUSAX 3BE3[IbI
OTTAJIKUBAIOTCS, KaK M MpU OONbIINX g (B paccMaTpuBaeMOM HHTEPBAJIE (),
TOTJAa KaK Ha MaJlbIX PACCTOSHUSIX OTTAJKUBAHUE CMEHSETCS MPUTSIKEHUEM,
UMEEeTCsl JIOKAJbHBIH MHUHHUMYM CBOOOXHOW SHEPIrHH, IMOJAOOHBIN MHUHUMYMY,

HabmromaeMoMy npH @, = 107° u 4 x 107°,

e pa3sIMYMs XapaKTepa B3aMMOJEHCTBHS CBA3aHBI C Pa3sHOOOpasueM KoH(pOpMaIuii
McclelyeMbIX 3Be3]l B BOJHO-CONIEBOM pacTBope. B mpakTnueckn GecconeBoM
pactBope, mpu ¢, = 107 u 4 x 107°, 3Be3ma MMeeT KOMIAKTHYIO
CTPYKTYPY M IIPaKTHYECKH He HeceT 3apsaa. I uapodoOHOCTh He3apsKeHHbBIX
3BEHbEB OOYCIABIMBAET B3AUMHOE TIPUTSHKEHHE 3BE3J, HO «BKIIIOYAETCS»
TOJNBKO NPHM HX HENOCPENCTBEHHOM KOHTAKTe, KOTOPBIH peanusyercs mHpH
CUJILHOM COJMKEHUH. B [IPOTHBONOJIOKHOM Cilydyae, B COJEBOM DEXKHUME,
mpu ¢, = 1072 m 4 x 1073 3Be3mpl MONHOCTBIO PAa3BEPHYTHI. 3apsKEHHBIE
M CHIIBHO PAcCTSHYTHIEe Jy4YH BBIHYXJEHBl IPH B3aMMOJEICTBHM 3armbarhbcs,
Tepsis KOHPUIYPALMOHHYIO SHTPONHo. OTTaIKUBaHUE OILYIAETCs Ha OONBIINX
PACCTOSHMAX, COM3MEPHUMBIX C PpasMEPOM CaMHX 3BE3[, U O0CIa0eBaeT ¢
YCHIIEHHEM SKPAHHPOBKU DJIEKTPOCTATHYECKMX B3aMMOAEHCTBUH, TO €CTh C
poctoM ,. B mpenene cOnmKeHHs U3 JByX Pa3BEPHYTHIX MATHIyYEBBIX 3BE3[]

110JIy4aeTCsl OJHa pa3BEpHyTas JECATUIIYUYEBas.

® B OCMOTHYECKOM pexuMe, Ipu ¢, = 1074 u 4 - 107° ucxonHble NATUIIYYEBbIE

3B€3/bl  HAXOmATCA B JByX(pa3sHOM  (KBa3UMHIE/UIIPHOM)  COCTOSHUM.
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[lepexppiBaHne WX KOPOH MPUBOIUT K IMEPEXOAYy YaCTH JIydei U3 MHUKpO]a3bl
KOpOHbl B (pa3y HE3apsHDKEHHBIX siiep, a Cuila OTTAJIKUBAaHUSA IOPOXKIAETCS
yOBIIBIO  TPAHCISIMOHHOW OHTPONMHUHU  CBS3aHHBIX KOHTPHUOHOB, KOTOpas
B CBOIO ouepenb OOyCHOBJI€HA yYMEHBIIEHHWEM JOCTYMHOTO Jii HUX OObema.
OTtTrankuBaHUE OKa3bIBAETCS TEM cliabee, YeM MeHblIE KOHIeHTpalus couu. [Ipu
HEIMOCPEACTBEHHOM KOHTAKTEe T'uJIpOPOOHBIX siA€p 3BE€3]l OHU NPUTATMBAKOTCS

IPYT K IPYTYy W CIWBAKOTCA B €IAHOE SIAPO.

e 1pu p, = 4 x 10™* ucxonHble NATUIIYYEBbIE 3BE3/bI Pa3BepHYTHL. OIHAKO IIPU
UX CONMKEHWH MPOUCXOIUT U3MEHEHHE X KOH(DOpMAIMU — B KaXJI0W U3 3BE3
BO3HUKAET KOMIAKTHOE SIJIPO, 3BE3/IbI CTAHOBSATCS AByX(daznpiMu. Ha mambix
paccTosiHUSX sijpa CiAUBaKOTCA. Tak, ABe omHOdaszHbie, HAOyXIIue 3BE3/bl MPU

cOsMKeHnn 00pasyroT OJHY KBa3UMULIEILLY.

OcHOBHOE cofiep)kaHre JaHHOTO pasjielnia ommyoaukoBaHo B padore [104].

3.4. B3aumoneicTeue 38e31bl C HEMPOHULAEMO CTEHKOMN

B pasgene 3.1 Obum  paccMorpeHbl koH(popMauuu pH-4yBCTBUTENBHOIO
ampudmipHOTO 3BE31000pa3HOro mojudiekrponuta. [lokazaHo, 94TO TpU HUZKOU
MOHHOM CuJjie pacTBOpa B 3BE3/I€ pealin3yeTcss MUKpO(a30BO pacciioeHHas CTPYKTypa,
XapaKTepU3yIoUascss HaJlu4ueM MHUKpo(]a3bl KOMIAKTHOTO HE 3apsHKEHHOIrO sijipa,
OKPY)XEHHOTO 3apsDKeHHOW HaOyxmied KopoHOW (T. H. KBasummuiemna). llpwm
YBEJIMYEHUU HMOHHOM CHJIBI pacTBOpa, KOH(OpMAaIMs 3Be3[bl CKauKOOOpa3HO W3
nByxdas3Hoi mpeBpamaercs B ogHodaszHyr. Kpome Toro ObIIO IMOKa3aHO, YTO
Ha (a30BO€ COCTOSHUE 3BE3/1bl MOTYT OKAa3blBaTh BIUSHUE IPOCTPAHCTBEHHBIE
orpanunyenus. Jlyigs Toro, 4toObl paccMOTpeTh Oosiee aeTanbHO S(PQPEeKT BIUSHUS
POCTPAHCTBEHHBIX OTPAHUYCHHIA, B ITOH I1aBe OylyT UCCIIEOBAHbI aJICOPOIIMOHHBIE
XapaKTEPUCTUKUA 3TOr0 0ObEKTa HAa HENOJIAPHYIO (ruapooOHYI0) OBEPXHOCTh U UX

3aBUCUMOCTH OT MOHHOM CHJIBI PacTBOpA.
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3.4.1. Monean

Pucynoxk 35 — Mnmroctpannss MOAEIH B3aUMOJICUCTBUS 3BE3/bl M CTEHKHU. 3BE3/1a
HapUCOBaHAa B KBa3UMUUEUIIPHOM COCTOSSHUHA. OMHO U3 OCHOBaHUM LIWJIMHJIPA
IPEACTABISIET COO0M HEMPOHHUITAEMYIO CTEHKY, COCTOSIIYIO U3 TUAPO(POOHBIX
MHOMEPOB. LIeHTp 3Be31bI HAXOMUTCS HA PACCTOSSHUN [) OT CTEHKU. T U 2 —

paanalibHasd U aKCHaJIbHAsA KOOPAWHATHI.

Paccmotpum 3Be3ny, cocrosimyto uz M = 10 nyueit no N = 30 MOHOMEpHBIX
3BEHBEB B PAMKaX YK€ MCIOJIb30BABIICHCS B IpeAbIAYILIEr miaBe Mmoaenu. IlycTe no-
MPEXKHEMY KaXKJ10€ 3BE€HO COJIEP>KUT OJJHOBPEMEHHO MOHHOTEHHYIO U THUAPO(POOHYIO
rpynmnbl. OHOT€HHasi rpylnna XapakTepU3yeTcsl KOHCTaHTOM HoHu3amuu pK = 6,
a ruapodobHas — mapamerpom Dmopr—XarrmHca CpojCTBa MOJIUMEP-PaCTBOPHUTEIb
x = 1.5. 3Be3na morpykeHa B BOJHO-COJIEBOM pacTBop ¢ pH = 7 U KOHIEHTpauuei
COJIA (.

PaccmoTpuMm, kak omnmcanHas amdudbnibHas MOJUANIEKTPONWTHAS — 3Be37a
B3aumozienicTByer ¢ ruapodoOHoit crenkoit (Pucynoxk 35). Ilpenmomaraercsi, yto

CTCHKa COCTOUT H3 OAWHAKOBBIX FI/II[pO(i)O6HLIX dJactuu, IM[IpuydyemMm BCIWYMHA X
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napamerpa Pnopn—XarruHca MUX CpPOIACTBA C PACTBOPUTEIIEM TaKas K€, KaK U Y
3BEHBEB 3BE3/IbI U paBHA 1.5.

Bynem mnpeanonarath, 4TO B 3aja4€ O B3aWMOJICMCTBUU 3BE3/Ibl U CTEHKHU
BCE KOH(pOpMAIMM CHUCTEMBbI O00JaJalOT OCEBOW CHUMMETPHEH, MOITOMY ISt
pacuyeToB CHOBA, Kak W B HIpeablayliei pasaene 3.3, BbIOEpEM BapualMi0 METOJa
Cxonrenca—®nupa, NpeArnoiararoulyo JIMCKPETU3alMl0 IPOCTPAHCTBA € [IOMOILLBIO
HAWIAHAPUYECKON pEemeTKU. ['pagueHThl MIOTHOCTEM KOMIIOHEHTOB B JTOM CIIy4ae
BO3MOXHBI B JIByX HAIIPABJICHUAX: aKCMAJIIBHOM M paananbHOM. Bce pacrnpeneneHus
KOMITOHEHTOB, TaKMM 00pa3oM, OyAyT YCpeIHEHBI BIOJIb KOHIEHTPUYECKUX KOJIEII
nuinuHAprueckon pemetkn (Pucynok 26). byaem ucciemnoBarh B paMmKax JaHHOU
pemneTku KoH()OPMAIMOHHBIE XapaKTEPUCTUKHN 3BE3/bI, Y KOTOPOU EHTP (UKCUPOBAH
Ha OCH IWIWHJpA U Ha paccTtosiHuu [ oT rugpodobHoit crenku (Pucynok 35).

3eCh TAaKXK€ MOXKHO PpAacCMOTPETh JiBa chy4das. OTO, 60-nepevix, Korja
B3aNMOJICMCTBHE OCYIIECTBIIETCS MEXKIY CTEHKOM W 3BE3[I0M, MPHU YCIOBUHU, €CIIH
OTIIETHHO B3ATas B pa30aBICHHOM PAcCTBOPE 3BE3/1a YK€ SBISETCS KBa3UMHUIICIIIOMN.
IIpu ostoM, 1m0 Mepe nepopManuu KOPOHBI JOJKEH HAOMIOAaThCsl HEOOJbIIO
pOCT pa3MepoB siipa, OOYCIIOBJIEHHBINA IMEPEXO0M JIyded B sApO W3 KOPOHBI Bo-
8MOpbIX, HECKOJIbKO OO0Jee CIOXHBIM BapUaHT, MPU KOTOPOM BO B3aMMOJEHCTBHE
NPUBOAUTCS W3HAYAJIBHO ojHO(Ma3Has 3Be31a, KOTOpas, OJHAKO, HAXOIUTCS BOJIU3HU
OT TOYKM Mepexoia B AByx(a3zHoe cocrosiHue. B srtom ciyuae nedopmauus ee
KOPOHBI IPU B3aUMOJCUCTBUU MOXKET MPUBECTHA K CIOHTAHHOW MHHUIMAIIMU NIEPEX0/1a
U 00pa3oBaHUIO KBa3MMHUIIEIUIBL. SICHO, 4TO 00a ITHUX CIIEHapHUs B3aWUMOACHCTBUS
OIPEACIAOTCS TOJBKO JIMIIb IapaMeTpaMH PacTBOPA, 4, B YACTHOCTH, 3HAYCHUEM E€T0
WOHHOU cwiibl. Tak, Kak MOXHO BUAETh u3 (a3oBoil nuarpamMmmbl Ha Pucynke 29(0),
eci y = 1.5, To TIepBBIi W3 HUX peamusyeTcs npu o, = 5 - 1074, a Bropoit — mpu

s = 1073, Huxke paccMoTpum 1noapobHee 06a 9T BaApUAHTA.
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3.4.2. BzaumongeiicTBue 3Be31bl 1 CTEHKH

KuroueBoil pesyisibrar BblYMCIEHUN npencraBieH Ha Pucynke 36. Ha stux aByx
rpadukax u300paXkeHbl 3aBUCUMOCTH CBOOONHOM sHeprun B3aumoueiicteus AF (D)
MEXy 3BE3I0M W CTEHKOW OT paccTosHus [) Mexay HHUMHU. B KauecTBe Mephl
AF(D) ucnons3yercsi pa3HOCTh 3HAYCHHI CBOOOMHON SHEPrHU CHCTEMbI 3Be3la —
IIOBEPXHOCTh B Touke [ u B Touke D = 30. JlaHHBIE 3aBUCUMOCTU IIPUBEACHBI IS
pa3MYHBIX 3HAYeHW MOHHOW cwibl. Ha obOoux rpadukax n3o0pakeH OIWH U TOT
e HaOop kpuBbiX. Ha BepxHem rpacduke (a) BbII€TIE€HbI KPUBBIE, COOTBETCTBYIOIINE
BBICOKOW KOHIIEHTpAIIMU COJIM, a Ha HUXKHEeM (0) — Huskoil. CHOBa, Kak U B CUCTEME
JIBYX B3aMMOJICUCTBYOILUX 3BE3/], MOXKHO BUJIETh, YTO A F' U3MEHSETCS HEMOHOTOHHO
C MOHHOM cHIIoN pacTBopa. B 06macT HU3KMX HOHHBIX CHJI OHA PACTET C POCTOM (g,
a B 00J1aCTH BBICOKHX — Ta/IaeT.

Nrak, B ob6mactu BbICOKOW MOHHOM cuibl, o, = 0.005---0.05 (Pucynok 36(a)),
cyast mo HakioHy 3aBucumocteit AF (D), poct ¢s TPUBOAUT K OCTAOICHUIO
OTTAJIKUBAHUSI MEXKY CTEHKOW W 3BE3/I0i. DTO CBSI3aHO C BO3PACTAIOIIEH MPU 3TOM
SKPAHUPOBKOM DIIEKTPOCTATHYECKUX B3aumoneuctsuil. Ilpuuem, npu ¢, = 0.05
(uTo ONMM3KO K KOHLIEHTPALMU COJM B MOPCKOHM BOJI€) DKPAHUPOBKA MOXKET ObITh
HACTOJIKO CHJIbHA, YTO HAa MIEPEIHMM TUIaH BBIXOAAT THAPOGOOHBIC B3aUMOACHCTBUS
3BE€HbEB 3Be3/IbI U CTeHKH. OO0 ATOM MOXXHO CYAWTHh 10 HAIWYHWIO0 MHHHUMYMa Yy
COOTBETCTBYIOLIECH KPUBOU.

Ha Pucynke 36(0) npencrasiensl KpuBbie B3aumoneiictsust AF' (D) B obnactu
HU3KHX MOHHBIX CHJI, TO e€CTh mpu ¢, = 107*...1073. 31ech yMeCTHO OTMETHTH
nBe creuupuyeckue 0COOEHHOCTH. Bo-nepevix, NpU YBEIWYEHUH HOHHOW CHIIbI
pacTBOpa B KPHUBBIX B3aUMOJACHCTBUSI MPOSBISIETCS YCUJIEHUWE OTTAJIKUBAHUS, YTO
SBIISIETCSL TIPSIMO TIPOTUBOIIOJIIOKHBIM TOMY, YTO HAOIIOMAETCS B YCIOBHUSAX BBICOKOM
KoHIeHTparuu conu. ComocTaBisia pesynabTarsl Ha oboux Pucynkax 36 (a) u (0)
BUJHO, YTO HAMCHWJIbHEUIIEE OTTAJKUBAHUE MEXKAY 3BE340M M CTCHKOM pEan3yeTCs

IIPU HEKOTOPOM ITPOMEKYTOUHOM 3HAYEHUH KOHLIEHTPALMK COIH, 0, ~ 1073,
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Pucynok 36 — CBobonuas sHeprust B3aumoneiicteus AF = F(D) — F/(30) 3Be31sl
KaK (yHKIHUS pacCTOsHUs [) MEXKAY EHTPOM 3BE3/bl U MOBEPXHOCTHIO IIPH
pa3IMYHBIX 3HAYCHHUSIX KOHIIEHTPALMK cojii B pactBope. [IpuBeneHs! 1Ba ciayyas: (a)
BbICOKOUW MOHHOM citbl (@5 = 0.005 - --0.05) u (0) HU3KOM MOHHOW CHJIBI PACTBOpA
(ps = 107%---107%). Jlna yno6cTBa cpaBHEHUs CILUIOLIHBIE JMHUK U3 PucyHka (a)

pOoAyOMMpPOBaHbl MYHKTUPHBIMH JTUHUSAMA Ha Pucynke (0) 1 Ha000POT.
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Pucynok 37 — KonuuecTBo BeTBei 3Be3/1bl, GOPMUPYIONTUX KOJIATICHPOBAHHYIO
bazy sapa Mo Kak QyHKUHS pacCTOsHUS [ MEX]ly LIEHTPOM 3BE€3/1bl U1 CTEHKOMN

I[IpyU Pa3JIMIHbIX 3HAYCHHUAX KOHLUCHTpPAUHUN COJIH.

Bo-emopuix, xpuBble B3aumoneiictBuss AF' (D) camu mo cebe craHOBATCS Ooiee
cloxHbIMUA. Ha OosblioM paszgeneHuu 3Be3Abl U CTEHKH, TO ecTb mpu D > 7-8
3Be3/a BCE €llle OTTAJIKUBAETCS OT CTeHKU. [Ipu Manbix [ OTTaJKUBaHHE CMEHSETCS
MPUTSHKEHHEM, O YeM TOBOPUT Hajuuue obmactu, B kotopoit OAF(D)/0D > 0,
WHBIMH CJIOBaMH JIOKAJIbLHOTO MUHUMYyMa BOJIM3U CTEHKH, BO3Jie Touku D = 4. SIcHo,
YTO 3TO HPUTSIKEHUE OOYCIOBJIEHO HAJIWYUMEM KOJUIAIICUPOBAHHOTO TUAPO(HOOHOTO
aapa. 1lpy HauMeHblIEM U3 PACCMOTPEHHBIX 3HAYEHUM KOHLEHTPALUUU COJIU, Qg =
10~%, noreHnuanbHas sMa Haubosee BHIPAKEHA M B TO JKe BpeMs OTTAIKMBAHUE HA
GONBIINX PACCTOSHMAX OKa3biBaeTcs Hancaabdeimmm. Hanporus, pu ¢, = 1073, xoTs
s dexT Hanmuuus ruapoPoOHOH (Pa3bl U BRIpAXKEH, €€ KOJIMUECTBA HE TOCTATOYHO IS
NPWINTIAHUS 3BE3]IbI K CTEHKE.

PaccMoTpum koHpOpMaIMu 3Be3bl, a TaKke KOH(OPMAIMOHHBIC MEPEXOIbI
NPOUCXOSIIIME B HEHM, 10 Mepe ee NpuOImKeHus K IMOBEPXHOCTH. B kauectse

XapaKTEPUCTUKA KOH(POPMALIMOHHOIO COCTOSIHUSL 3BE3/bl  MCIIOJIB3YEM TaKyHo
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BETMYMHY KaK KOJNWYECTBO Jyued B sape kBasumuuemwisl, M.,.. Kak Obl10
nokaszaHo B pazuene 3.1.4, Benuuuna M., paBHA KOJUYECTBY KOHIIEBBIX CETMEHTOB,
HaxOAIIUXCS B KoyuiaricupoBaHHOW (asze. Cama ke KoiumaricupoBaHHast ¢asa
omnpeneNsieTcss Kak 00J1acTh, B KOTOPOM TIOTHOCTHh BEIIECTBA 3BE3/bI (0 MPEBBIIIAET
0.02. To ectb, M o PABHO KOJTWUYECTBY KOHIIEBBIX 3BEHBEB, MOMABIINX B 00JaCTh, B
KOTOPOW MoJIMMEpHAasi IWIOTHOCTh ¢ > 0.02. HarloMHUM, 4TO B Cilyyae OTCYTCTBUS
sanpa, B OMHO(A3HOM COCTOSHHM, BCE KOHIIBI pacipenesieHbl MPeMMYIIeCTBEHHO Ha
nepudepun 38e31bI U HE TIOMAIAI0T B IIEHTPaJIbHYI0 0071acTh, B KOTOPOM 3aBEIOMO, B
cuity reometpuu 38e31bl1, ¢ > (.02 (Pucynok 28). bynem cuntarb, 4T0 KOHPOpMaIUs
3Be3/1bI OHO(a3HA, €Cli ATa BEJIMYMHA MEHBIIE SIMHUIIHI.

Ha Pucynke 37 mnpuBenmena BenuuumHa M,,.., Kotopas sBasieTcss GyHKIueH
paccrosiausi [) MEXIy CTEHKON M LEHTPOM 3Be3ibl. SIcHO, uTO M. SBISIETCS TAKKE
1 QyHKUMEW MOHHOM CUJIbl PACTBOPA, TAK YTO HA 3TOM PUCYHKE NpUBEIEHO HECKOJIBKO
KPHMBBIX JUISl Pa3IMYHBIX 3HAYEHUH ¢, n3 auanasona 107%---1.6 x 1073, C pocrom
MOHHOW CHJIBI YMEHBINIACTCSl pa3Mep KOJIAIICHPOBaHHOM (a3bl, a, ClelI0BaTeIbHO,
U KOJIMYECTBO JIydeld B HEU. B TO ke BpeMs pacTeT MX YHUCIO B KOPOHE,
KOpOHa CTaHOBUTCS TIoTHEe. CONpPOBOXKIAETCS ATO YCWJIEHHWEM OTTAJIKMUBAHUS Ha
OOJIBIIINX PACCTOSTHUSIX M OJTHOBPEMEHHBIM OCJIA0JIEHUEM MPUTSHKEHUST Ha MasbIX. (CP.
Pucynox 36(0)).

Bce xpuBbie Ha PucyHke 37 [€MOHCTPUPYIOT [OCTEIEHHBIM POCT 4YuC/a
KOJIJTATICUPOBAHHBIX Jyde C yMEHBIIEHHEM paccTosHus [, B o0macTu OOIBIINX
D, cOOTBETCTBYIOIIMX OTTAJKUBAHHUIO 3BE31IbI U CTEHKU. llepexom oT oTTankuBaHHS
K TPUTKCHUIO COIPOBOXKAACTCS CKAYKOOOpPa3HBIM YBEIWYEHHUEM KOJIWYECTBA
CKOJUIANICUPOBABIIUX JIy4yeil, KOTOpPbIA CBsI3aH, OYEBUIHO, C MPUIHUIAHUEM siipa K
TIOBEPXHOCTH. DTO NMPOMCXOANT KaK B ciayuae ¢, = 107% korma m3omupoBaHHAs
3BE3/]a MMEET KBA3MMHUIEIUIAPHYIO KOH(QOpMALMIO, Tak U npu ¢, = 1073, korma
W30IMpoBaHHas 3Be3na ogHodasHa. Ob6a addexra MOTyT OBITH OOBSICHEHBI TEM, UYTO
nBe (aspl, KOJUTallCHpoBaHHas M HaOyXIas, HAXOIATCS B THMHAMUYECKOM PaBHOBECUH

apyr ¢ apyrom. CxaTue KOpHbI IPUBOIUT K BO3PACTAaHUIO €€ CBOOOTHOW SHEPIHH, UYTO



122

CIIOCOOCTBYET Mepexoay Bce OOJNbIIero yncia Jydei B sapo. Kpome toro, agcopOmus
s/ipa Ha MOBEPXHOCTh MPHUBOJUT K YMEHBIICHUIO TEPMOJUHAMUYECKUA HEBBITOIHBIX
KOHTaKTOB MEXy ruapogoOHON KOIancupOBaHHON (a30i M BOAOM.

3ametrnm, uto u3 Pucynka 37 ciemgyer, 4To camo 1o cebe MPOCTPAHCTBEHHOE
OTPAaHMYEHUE KOPOHBI 3BE3NIbI M0 MEpe €€ MNPUONMKEHUS K CTEHKE NpU ©; =
1073 uHuuuupyer KoH(GOPMAlUMOHHLIA nepexos B 3Be3fe. OJHAKO KOJIMYECTBO
ruapodoOHOM (Pa3bl OKa3bIBAETCS HEAOCTATOYHBIM ISl PUTSIKEHUS BCEU 3BE3IBI K
CTEHKE.

Paccmorpum aBa ciydas ¢, = 5 - 107 u ¢, = 1073 Gonee nmerambHO.
Ha Pucynke 38 wn300pakeHbl KOHTYPHI TPaHUIIBI CKOJUIANICHPOBAHHOW (ha3bl B
KOOpJIMHATAX I” U 2z IUIWHIPUYECKOW CHUCTEMBI KOOPJIWHAT. JTH KOHTYPHI, KaK M
B mpeabiayiieM paszgene 3.3, onpenpensitorcst ycaosuem |Vp| > 0.2, koropoe maer
BO3MOXKHOCTh Hau0OJIe€ YETKO Pa3JIMUUTh TPAHUIY KOJIAICUPOBAHHOUN (a3bl, ee
pasmepbl U (popmy. PucyHok 38 COmEpKHT MOCIEIOBATEIHHOCTH KOHTYPOB IS
pasnuuHbIX D TIpu ABYX 3HAYEHHAX KOHIEHTPALMU CONM ¢, = 5-107% (a) u o, = 1073
(0).

PaccMOTpnM I Hauala pe3ynbTaT, COOTBETCTBYIOIMIA ¢, = 5 x 107* (mabop
npoduneit u3 Pucynka 38(a)). Ilpu Takoil mOHHOW cuie yeauHEHHasl 3Be3Ja, TO
€CTh 3Be€371a, HAXOMSIIAsCa Ha OOJIBIIIOM PACCTOSIHUU OT CT€HKU, pu [ > 25, yxe
KBasumuueisipua. Ha sToM paccrosiHuu 3Be37a HE HUCIBITHIBAET B3aMMOJEHCTBUS
CO CTCHKOW, W TpaHHWIa €€ KOJUIAIICUPOBAHHOW (pa3bl TPENCTABISIETCS B BHJE
MOJIYOKPYKHOCTH, YTO COOTBETCTBYEeT cdepuuecku cuMmeTpudHoMy siapy. Iloka
KBa3WMHMIIEIJIA HAXOMUTCA OT CTEHKM Ha paccTosHum Oonpmem [ = 7, cama
CTEHKa OKa3bIBA€T HETMOCPEACTBEHHOE BJIUSHHE TOJIBKO Ha €€ KOpOoHy. Tak Kak B
nByx(a3HOW 3Be3[le CyIIECTBYET 3alpeT Ha YIUIOTHEHUE KOPOHBI, JyYHM KOPOHBI
BBIHYKJIEHbI, BMECTO TOTO YTOOBI 3aru0arbcsi, «COPAChIBAThY 3apsl U MEPEXOAUTH B
snpo. KomndecTBo myueli mepemeammx B Sapo onpeaensercs (a3oBbIM paBHOBECHEM
MEXIy SApoM U Ie(GopMUpPOBAHHON KOPOHOW. DTa BEIMYHMHA IMOCTEIEHHO PACTET,

noka D mensiercs ot 25 g0 7 (PucyHok 37), 4To mposiBIseTcs B ¢1aO0OM YBEIMUCHUH



123

(@))
(@)
o
—_
(@)
N
(@)
N
w
o
o~
(=]

o
SE SE
I I
[RuN [N
Il'ﬁl II(I*?I
| N L .
o1t ot O} o} o
Il
—_

10 20 €30 40

AGA
Il
N
ul
» b_
I
N
ul
=

I
[EN
w
Ll

»)
I

[EEN
N

Il
—_
N

NN

UA
I
—_

IC)

I
[EE
o

NN

Il
©
TTTTT

I
©
Ll

\
o/

Il
0]
Ll

>D>
-

I
~
o{| ot ©
Il
~

I
(@)}
Il
(o)}
Ll

Il
o1
L1111
Il
€2}
L1l

=gl is 2 |
> g TN

=3 ] =3§

| | =2 ] D=2 ]

6 l l l l l :
r =1 D=14r

0 4

(@)
—_
o
[\®]
(@)
w
St
N
(@)
o

10 20 30
(0)

Pucynoxk 38 — Ilpodunu moBepxHocTr paszaena ¢a3 KOIJIACHPOBAHHOTO sipa U

N
N
(e

~~
o
N~

KOPOHBI 3BE3/IbI VISl PA3IMYHBIX 3HAYEHUN [), MpeCTaBIECHHbBIN B BH/I€ KOHTYPHOTO
Pucynka Ha miiockoctu (7, 2) HMIMHIPUIECKON CUCTeMbl KoopauHart. [lonoxenne
IPaHUIIBI OMPEIETICHO B COOTBETCTBUH C ycioBueM |V| > 0.2. (a) neBbiii cronderr
. _ —4
COZIEP)KUT TOCIIEIOBATEILHOCTh Mpoduiieit paccuntanHbiX s 0, = 5 X 107%. (b)
npasblii cronden — st o, = 1073, BeprukanbHas nuHUsS HA TPOQUIAX YKA3bIBAET

IMOJOXKXCHUEC 2 KOOPpAHWHATHI HCHTPA 3BC3/IbI.
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pasmepa sanapa. [Ipu D = 6 sapo BHE3aHO NPUIIUIAET K MOBEPXHOCTH. VIMEHHO Ha
OTOM PACCTOSHUU OTTAJIIKMBAHUE MEXKAY 3BE3J10M U CTEHKOM CMEHAETCS IPUTKEHUEM
(Pucynok 36(6)). [Ipununanue sizpa K CTEHKE W CBSI3aHHAsl ¢ ATUM ero aedopmarus
COTIPOBOKJIAETCSI PE3KUM CKAauYKOOOpa3HbIM YBEIIMUYCHUEM OObeMa IJIOTHOM (ha3bl U
KOJIMYECTBA KOJUIAIICUPOBAHHBIX JIyUYEH.

Heckosnbko 00s1€€ MHTEpECHAsI CUTYalUs peain3yeTcsi Ipu 0O0JIbLIEH HOHHOM Cujie
pactBopa ¢, = 107°. B 2THX YCIOBHSX yeIWHEHHas 3Be3a MMeEET OXHO(MAa3HYIO
KOH(pOpMAIIHMIO, OHAKO, TAaHHOE 3HaYeHHUE (s Ha ¢da3oBoi auarpamme Prucynok 29(0)
JASKUT Onmm3ko K aByxda3HoM oOmactu. B TakoMm ciydae caM MEpexo]] MOXKET
ObITh HMHUIIMUPOBAH HAJIOKEHHWEM Ha 3BE3[y MPOCTPAHCTBEHHBIX OrPAHUYECHHIA.
JeiictBuTenbHO, U3 Pucynka 37 MOXHO BUJIETh UTO ITOT MEPEXOJ PEAIUIYETCS MPU
0y, = 1073, a Taxxke u pu p, = 1.6 x 1073. Ha Pucynke 38(6) npeacrasien Habop
KOHTYPHbIX Pucynkos mis ciyuas ¢, = 107°. Tloka 3Be3a HaXOUUTCS JAJIEKO OT
CTeHKH, TIpu [D = 25 HHUKakoi Mexda3oBoW TpaHuibl He Habmomaercs. IlepBwie
NPU3HAKU 3apokaaromieiics (aspl craHoBaTcs BUaHBI npu [ = 11, 3amonro g0
TOr0, KaK BHOBb OOPa30BaHHOE sIIPO KOCHETCs oBepxHOCTH. [1o Mepe npubiamxeHus
K CTEHKe TpaHuIa pasfena (a3 CTaHOBUTCSA BbIpaKeHHee, a pasmep (das3bl sapa
yBenuuuBaerca. [lpu D = 5 saapo kacaercs MOBEPXHOCTU U Npuiunaer Kk Heil. U
CHOBA a/ICOPOLMsI COTPOBOXKAAETCS PE3KUM yBEIMUEHUEM 00bEMA KOJIJIAIICUPOBAHHOM

¢da3bl 1 yncna Jydyeu B sape.

3.4.3. 3akiI0unTeIbHBbIC 3aMeYAHUA

B 3akitouenuu K 3TOM IaBe OTMETUM, 4TO TuaApodoOHass pH-uyBcTBUTENBbHAS
3B€3/la MOXET OBITh PACCMOTPEHAa KaK «yMHBIN» TOJIUMEpP, B YaCTHOCTH KOTAa
OHa B3aWMOACHCTBYeT C TUAPOPOOHON CTEHKOU. ODPGHEKT «Urpb» MEKIY
AJIEKTPOCTATUYECKUMU B3aUMOJICUCTBUSMHU U Ka4y€CTBOM PACTBOPUTEINSI HOPOXKIAET
ooraryr0 KapTUHYy aJICOpOLIMOHHOTO  Mpolecca, KOTOPbIM  KOHTPOJIUPYETCS
HECKOJIbKUMHM HAaCTPOEUYHbIMH TapamerpamMu. HecioxxHo mogoOparh ycloBus TakHe,

4TOOBI KOH()OPMALMOHHBIN IEPEX0] B 3BE€3/l€ IMPOUCXOAWI IMPU (HU3UOJOTHUUECKUX
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3HAUECHUSIX MOHHOM CHJIBI PACTBOPA, HAIIPUMEP, U3MEHSISL PACIIPEICTICHIE HOHOTEHHBIX
TPYII BAONb Jy4ded 3Be3[bl WA THAPO(GOOHOCTH €€ 3BeHbEeB. bblIo Mmoka3aHo, 4To
MPOCTPAHCTBEHHBIC OTPAHWYEHUs, HajaraeMble Ha 3BE31y, MOTYT BIHUITH Ha
KOH(OpPMAIIMOHHBIE TIpeBpaIIeHusT B 3Be3ne. ITu 3h(PEKTsl MOTYT OBITh BaKHBIMHU
JUIsSi IOHUMAHUSI CBOWCTB TaKUX 3BE37] B CIOXKHOM OKPYKEHUHU M, CJI€IOBATEIIbHO,
3HAQUUMBI JIs1 PU3UOJIOTUYECKUX MPOLIECCOB, TPOUCXOASIINX B HKUBBIX KJIETKaX.

OcHOBHOE cofiepkaHue JaHHOTO pasjelnia ormyonnkoBaHo B pabore [105].

SAKVIFOYEHHUE

B Hacrosmeir pabore OBLT HCCIEAOBAH IPOIECC KoJurarnca 3Be3q000pa3HOro
pH-9yBCTBUTENBHOTO  IMOJMAJIEKTPOIMTAa  MOHOMEPHBIE  3BEHBS  KOTOPOTO
monuduimpoBansl ruapoPoOHbIMU  paaukanamu. IlokazaHo, 4YTo KOH(pOpMaUs
3BE3IbI, COCTABJICHHOW W3 TaKUX ITOJMMEPHBIX IIelel, B BOJHOM pacTBOpE
onpejenseTcss AByMS B3aMMHO IPOTHBOJEHCTBYIOMIMMH cujiaMu. [ uapodoOHOCT
3aCTaBJIsieT 3BEHbS CIUIIATHCS JAPYI C JIPYroM W M30erarb KOHTaKTOB C MOJICKYJIaMHu
PacTBOPHUTEINSI, UYTO BEACT K CXKATHIO (KOJUIAICY) Hemei. DIEeKTPOCTaTUIECKUE CHITBI
oOyciaBnuBaroT HaOyxanue nemneit. [lpuuem, HabyxaHne MPOUCXOAUT Kak Oimaromaps
HEMOCPEACTBEHHOMY JJIEKTPOCTATHUYECKOMY B3aWMOICHCTBUIO 3apsiioB  3BE3MIBI,
TaK ¥ IOCPEACTBOM KOHTPHOHOB, KOTOpBIE, CTPEMSCH JIOKaJbHO KOMIIEHCHPOBATh
AIIEKTPUYECCKHUM 3apsij] 3BE3/bl, CO3JAI0T 3HAUYUTEILHOE OCMOTHYECKOE JABJICHUE BO
BHyTpeHHel ee oOnactu. HaGyxaHue 3a cueT OCMOTHYECKOTO JaBJICHUS KOHTPHOHOB
Urpaet, BO3BMOXXHO, 0oJjiee BaXKHYIO poJib, YeM npsimoe KyJoHOBCKOE OTTajKMBaHHE,
TaKk Kak JaXe TMpHh JOCTATOYHO HU3KOM HOHHOW CHJIE pacTBOpa KOJIHMYECTBO
WOHOB BHYTPH IOJUAJICKTPOIUTHOTO KIyOKa OKa3bIBAETCS CYIIECTBEHHBIM, YTOOBI
ANEKTPUYECKOE II0JI€ 3apsiIOB IEMel 3Be3[bl ObUIO B 3HAUUTENHHOW CTENEHU HMHU
SKPaHUPOBAHO.

ITporuBoaeiictBre TUAPOPOOHOCTH W DIEKTPOCTATHYECKUX CHII OINpeesieT

Hasm4yre MHUKpoda3zoBoro paccioeHus B 3Besze. KommarncupoBaHHoe m HalOyxiee
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COCTOSIHMSI CHCTEMBI OKa3bIBAIOTCSA pa3leleHHbBIMH (DA30BBIM TIEPEXOIOM  HIIH
¢da3oBoii TrpaHUIlEH, HAa KOTOPOM MPOUCXOAUT CKAYOK IOJMMEPHOM IIJIOTHOCTH.
Bwibop paBHOBECHOTO COCTOSHHSI OMPENEISIETCS HECKOJbKHMH XapaKTEPUCTUKAMU,
a WMEHHO, MapamMeTpoM TuapoGoOHOCTH ToJMMeEpa 3Be31bl, 3HaueHueM pH cpembl
U KOJMYECTBOM CBOOOJHBIX HOHOB COJM. B mpoCTpaHCTBEHHO HEOIHOPOIHBIX
CUCTEMAX, TAKUX KaK [OJIMMEPHbIE 3BE3/ibl, ITU CBONCTBA PACTBOPUTEIISI CTAHOBITCS
GYHKIIASAMH  JIOKAJIbHOW TIOIMMEPHOW TIIOTHOCTH. B pesynmprare o00e  ¢asbl
COCYIIIECTBYIOT APYT C APYTroM (popMHUPYsT HEKOTOPYIO MYIBTHIAOMEHHYIO CTPYKTYpY.

JlanHass  CTpyKTypa TMpeACTaBiseT Cco0O0H  yHUMOJICKYISPHYIO  MHUIEILTY,
chopMupoBaHHYIO 3a CUET pa3lelieHWs BCEX BETBEH 3BE3NbI Ha JBE TOMYJISIINU
OJIHa W3 KOTOPBHIX (OpMHUPYET PO MULEIIIBI, a Jpyras — KopoHy. Jlemo B Towm,
YTO, WCXOJs M3 YUCTO TE€OMETPUYECKMX COOTHOIICHWH, BOJM3W IIEHTPA 3BE3JIbI
0o0beMHasl /10151 €€ MOHOMEPHBIX 3BEHHEB OKA3bIBAETCSI, BBIIIE, YEM BO BHEIIHEH
ee yactu. Korma monmMepHas IDTIOTHOCTh B 3BE3/I€ OKA3bIBACTCS BBIIIE MPEAEIBHO
JOTMYCTUMOW YCIOBUSAMH TEPMOAMHAMUYECKOTO OanaHca, TO €€ JiydaM IMPUXOAUTCS
«cOpachIBaTh» 3apsij, a B HEUTPAJIbHOM COCTOSHHH JIy4d 3BE3bI THAPODOOHBI, Tak
YTO OHHM BBITECHSIOT BOAYy M (OPMHUPYIOT KOMMAKTHOE siipo. Bo BHemHel dwactu
3BE3/IbI, T7ie 0ObEeMHas J0JisI 3BEHbEB HE BBICOKA, OHU OCTAIOTCS 3apsSIKEHHBIMHU W,
€CTECTBEHHO, T'UIPOGUIIbHBIMHU.

CootHomieHue yuciia BeTBed, (OPMUPYIOLIUX SAPO U KOPOHY, KOHTPOJUPYIOTCS
MOHHOU cwmiioi pactBopa. [Ipy HU3KOW MOHHOM CHIIE (g pa3Mep KOPOHBI PACTET C
POCTOM (5 TIOCPENCTBOM IEPEXOA JIyUeH 3BE3/IbI U3 siApa B KOpOHY. [Ipu nanpHenmem
pPOCTE ¢ 3B€371a U3 IOJHOCTHIO IIIOOYIISIPHOM, POXO/IA Yepe3 ABYX(Pa3HbIe COCTOSIHUS,
CTAHOBUTCS TIOJTHOCTHIO pa3BepHyTOH (ogHOGa3HOI). B ycmoBusix BBICOKONW MOHHOM
CUJIbI pa3Mep 3BE3/lbl YMEHBILIAETCS C POCTOM (o, 3a cueT 3ddexra IKpaHUPOBKU
3apsi0B.

KondopmarimonHsie COCTOSHUS 3BE37 OMPENEISIOT WX B3aWUMOACHCTBHE IIPYT
C JIpyrom. 31€Ch MOXKHO BBIACIUTh TPHU XAPAKTEPHBIX pexXUMaA. Bo-NepBbIX,

IIOKa 3BC3AbI FJ'IO6y.TIHpHI>I, IIpu HU3KOU KOHOCHTpaunu COJIM, HX BBaHMOHeﬁCTBHC
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ompenensercs TUAPOPOOHOCTBIO HMX SAEp, WM MPEACTABISET COOOM MPUTSHKEHHE,
JEUCTBYIOIIEEC HAa MAJbIX pPACCTOAHUAX. BO-BTOPBIX, NpH MOBBILIEHHUU HWOHHOU
CWJIBI pPAcTBOpa 3BE3Jbl CTAHOBATCH JBYyX(a3HBIMH H B Tpoduiie >SHEPrHH
UX B3aUMOJICHCTBUS TOSBIISICTCS OTTAJIKWBAaHUE Ha OOJBIIMX PACCTOSHUSX. ITO
OTTAJIKUBaHHE OOYCIOBJICHO HAJIMYMEM 3apsOKEHHBIX KOPOH, M OHO TE€M CHIIbHEE,
yeM Oosiblie 10Js8 ux oOpasyrouux Jsyuei. [lpupopa orrankuBaHus B 3TOM
CIydae OMpeaeNseTcs YMEHBIIEHHEeM TIpH COMMKEHWH 3BEe3]l JOCTYIHOTO IS
CBS3aHHBIX KOHTPHOHOB oObeMa. Ilo mepe mepexoma iydeld U3 siapa B KOPOHY
KOPOTKOJIEHCTBYIOIIEE MPUTSHKEHHE THAPO(OOHBIX siaep ocnabeBaeT. M B-TpeThux,
KOTJIa KOJUIAIICHPOBaHHAs (a3a TIMOJHOCTBIO WCUe3aeT, 3BE3[bl OTTAIKHUBAIOTCS,
npuYeM, OTTalKMBaHWE B OJTOM Cjydae OIpPEACISIeTCS DIIEKTPOCTAaTHUYECCKUM
UCKIIIOYEHHBIM OOBEMOM JIy4ell 3Be3] M, CJEJOBaTEIbHO, OCIA0EBAaET C POCTOM
VOHHOU CUJIBI.

VYcnoBuss  TepMOIMHAMHYECKOTO  OamaHca  MONMHDIEKTPOIUTHOM  CHCTEMBI
ONPENECIAOT HAJIWYKWE 3alpPCIICHHOW 30Hbl 3HAYEHUW ITOJIMMEPHOM IUIOTHOCTH
B 3BE3lle, TaK YTO J000€ YIUIOTHEHHWE €€ KOPOHBbI C TOMOIIbI0 HaJOKEHUS
IPOCTPAHCTBEHHBIX OTPaHUYCHUH BIWSET HA XapaKTep W YCIOBUS MUKPO(a30BOTO
paccioenusi B 3Be3ne. B wacTtHOocTH, B paboTe TOKa3aHO, YTO JIO TEX IOp, MOKa
sjipa B3aMMOJIEHCTBYIOIIMX KBa3UMULC/UISIPHBIX 3BE31 pasleieHbl, OHU HMEIOT
chepuueckyro ¢opmy. M3menenus: (Gopmbl HAOJIIONAIOTCS TOJBKO B KOPOHAX,
IpUYEeM OHH HE COIMPOBOXKIAIOTCS YBEIWYEHHWEM IUIOTHOCTH KOPOH, a JyYd IIpH
3TOM MO Mepe COMMKEHHS 3BE3[ MEepexomarT u3 KOpoH B sapa. DddexT pocrta
JIOJIA JTy4Yed KOJIJTAIICHPOBAHHOM (ha3bl MPOSABISIETCS TAKXKE W MPHU B3aUMOJICHCTBUU
HEKBa3UMMUIICIUIAPHBIX 3BE3J], TaK BO BpeMs COJMWKEHUS IBYX OMHO(DA3HBIX 3Be3]
CHayaJla KaKJaas M3 HUX B OTJICIBHOCTH (POpMUpYyeT BHYTpPH cebs TJIOTHOE SApo, a
y)Ke 3aTeM JIB€ KBa3MMHUIIEIUIbl CIIMBAIOTCS B OZHY.

Dddekr BIuIHUS MPOCTPAHCTBEHHBIX OTPAHWUYCHHUI OB TIPOJEMOHCTPUPOBAH U
IpU B3aMMOJIEUCTBUM 3BE3bI ¢ TuApodoOHON cTeHkoi. Tak, mpHu ompeaeneHHOM

3HAQYEHWH HOHHOW CHIIbI, ONM3KOM K TOYKE Iepexofa B ABYX(a3HOE COCTOSHHE,
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COMmMDKEeHne 3Be3bl M CTEHKH WHHIIMUPYET 3apoKIeHHe MHKpodasbl sapa.
B3anmoneiictBrue 3Be31b1 M THAPOGOOHON CTEHKH, BOOOIIE, B OMPEICTICHHOM CMBICIIE
AHAJIOTUYHO B3aWMOJIEHCTBUIO JIBYX 3B€3/. 3]IECh CHOBA, B 3aBUCUMOCTH OT MOHHOMU
CHUJIBI PAcTBOpPa, MOXHO BBIACIUTh TPU PEKHAMA B3aUMOIEHUCTBUS: TIOOYISPHOM,
KBa3UMUIICIUIAPHONW W HAOyxXIed 3Be3/, B KOTOPHIX B3aUMOIEHCTBUE MPEICTABISIET
c000#1, COOTBETCTBEHHO, KOPOTKOACHCTBYIOIIEE MPUTSHKEHUE, TPUTSKEHUE HA MAJIBIX

PACCTOAHUAX C OTTAJIKMBAHHMCM Ha OONBIINX M YHCTOE OTTAIKHBAHHE.

BBIBO/IbI

1. MeTomoM KOMMBIOTEPHOTO MOJAEIMPOBAHUS HMCCIIENOBaHbl KOH(OpPMaIMOHHBIE
CBOMCTBA MaKpOMOJIEKYI pH-uyBCcTBUTEIBHBIX 3B€31000pa3HBIX
TOMOIOJIMAJIEKTPOJINTOB, MX  B3aUMOAECUCTBHAS JApPyr C JApPyIrOM H C

HEIPOHULIAEMOM CTEHKOM B BOJIHO-COJIEBOM PACTBOPE.

2. Tloka3aHo, 4YTO B YCIIOBUSIX HHU3KOM HOHHOW CHIIBI TPOTUBOACHCTBHE CHI
ruapoGOOHOCTH H  DIIEKTPOCTATHUYECKHX  B3aUMOACHCTBHH  OIpenesser
MuKpo(dazoBoe  paccioeHMe B 3Be3nooOpasHoM  pH-uyBcTBHTEIBHOM
MOJIMDJICKTPOJIUTE, KOTOPOE TPOSIBISETCS B (POPMHUPOBAHWUW CTPYKTYpHI THIIA

SIIPO—KOPOHA .

3. YcTaHOBIEHO, YTO B YCIOBUSIX MUKPO(A30BOr0 PacCiIOCHUS MOJIUIIEKTPOIUTHAS
3B€3/1a MPEACTABISIET COOOM YHUMOJIEKYJISIPHYIO MULEIULY, [IPUYEM, PACCIOCHUE
MIPOUCXOJIUT 32 CYET PA3NECICHHUS BETBEW 3BE3IbI HA JIBE MOIMYISLHUU, OOHA W3

KOTOPBIX (POpMUPYET SAPO MUIIEIUIBI, a APyTasi — KOPOHY.

4. Iloka3aHo, YTO COOTHOIICHHWE YHCIA BETBEH, QopMupyrommx ¢aspl sapa H
KOPOHBI, KOHTPOJIUPYIOTCSA MOHHOM cHiIOM pactBopa. C yBEIMYEHHWEM HOHHOU

CWJIBI pacTBOpA J10JIs KOJUIAIICHPOBAHHOMN (pa3bl yMEHbILIAETCH.

5. Xapakrep B3aumMoueucTBusi AByX amMpuduibHbIXx pH-4yBCTBUTENBHBIX 3BE3[L

ornpezeisiercs KoHpopMaluen, B KOTOPOH HaXOsTCsl 3BE3/Ibl, & CIIEI0OBATEIBLHO U
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MOHHOU CHJION pacTBopa s . [Ipy HU3KHAX s MEKIY 3BE3MAMU OCYIIECTBISACTCA

NPUTAKCHUC, a IIPHU BBICOKHUX — OTTAJIKMBAHHC.

. I[IpocTpaHCTBEHHbIE OTrpaHUYEHHUs] OKa3bIBAIOT BIMSHUE HAa MHKpPOQazoBoe
paBHOBECHE B 3BE3/I€, UTO MPOSBISETCA MPU COMMKEHUU ABYX 3BE3[, a TaKXKe
Ipu COJMKEHUHU 3BE3/lbl U HEIPOHULIAEMOW CTEHKHU, B BHUJI€ (POpMUpOBAHUS U

pocTta Mukpodassl sapa.

. BzanmoneiictBrue 3Be3/b1 B ruipohOOHON CTEHKH TAKXKE OMPENEIIIeTCS HOHHOM
CUJION pacTBOpa W MPEACTABIISIET COO0N MPUTSHIKEHUE TIPU MAJIbIX 3HAYCHUSAX (O

N OTTAJIKUBAHUC IIPpH OOJIBILIHX.
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